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such	 as	motions,	 odors	 or	 touching	 objects,	 is	 constantly	 integrated	 and	 compared	with	 information	 on	 self‐
generated	sensory	stimuli	such	as	self‐motion	in	order	to	constantly	adapt	behavior.	Miswiring	of	any	involved	
neural	circuit	disrupts	the	complex	feedback	loops	and	inserts	misleading	and	contradictory	information,	which	
may	 lead	 to	 instabilities	 in	motor	 behavior.	 In	 the	 present	 PhD	 Thesis	 I	 studied	 how	miswiring	 of	 the	 visual	
pathways	affects	ocular	motor	and	postural	control	of	zebrafish	larvae.		
In	 the	 zebrafish	mutant	 belladonna	 (bel)	 pathfinding	 of	 optic	 nerve	 fibers	 at	 the	 optic	 chiasm	 is	 affected,	
resulting	 in	 a	 variable	 fraction	 of	 fibers	 projecting	 to	 the	 wrong	 brain	 hemisphere.	 Whereas	 in	 wild‐type	
zebrafish	larvae	all	fibers	cross	at	the	optic	chiasm	and	project	to	the	contralateral	brain	hemisphere,	in	bel	some	
or	 all	 fibers	 project	 in	 the	wrong	 hemisphere	 but	 to	 the	 right	 topographic	 place.	 Additionally,	 various	 subtle	














a	moving	environment	on	the	retina,	 into	a	positive	 feedback	 loop	which	 increases	motion	perception.	Motion	
perception	is	maintained	by	the	positive	feedback	loop	even	if	real	motion	of	the	environment	is	discontinued,	
leading	to	SOs.	 In	contrast,	 few	misprojecting	fibers	 insert	some	misleading	information	into	an	otherwise	still	
working	 feedback	 system,	 which	 leads	 to	 a	 reduction	 of	 eye	 velocity	 during	 OKR,	 but	 not	 to	 a	 positive	
destabilizing	feedback	loop.	
SOs	can	assume	several	different	waveforms	both	 in	human	 INS	patients	and	 in	bel	 larvae.	The	etiology	of	
single	waveforms	is	unclear	and	a	matter	of	debate.	In	Chapter	5	we	investigated	a	possible	correlation	between	
individual	 waveforms	 and	 the	 severity	 of	 the	 morphological	 phenotype.	 We	 found	 waveforms	 not	 to	 be	
predictors	of	the	extent	of	fibers	misprojections	because	most	individual	larvae	displayed	all	waveforms	over	a	
given	time	span.	Instead,	we	found	that	waveforms	were	influenced	by	viewing	conditions.		
In	Chapter	6	we	described	a	 so	 far	not	 reported	deficit	 in	postural	 control	 in	a	 subset	of	bel	 larvae.	These	





Nevertheless,	 postural	 control	 in	 vertebrates	 is	 achieved	 by	 integration	 of	 inputs	 originating	 from	 different	
sensory	 systems,	 including	 the	visual	 system.	Here,	we	 showed	 that	 the	behavior	 is	 visually‐driven	 in	bel	 and	











Gehirn	 entziffert	 und	 integriert	 werden,	 um	 eine	 angemessene	 Verhaltensreaktion	 in	 Echtzeit	 zu	 erzeugen.	
Sensorische	Informationen	über	Veränderungen	in	der	Umwelt	(zum	Beispiel	Bewegungen,	neue	Gerüche	oder	
Berührungen)	werden	kontinuierlich	 integriert	und	mit	 Informationen	aus	 selbsterzeugten	Sinnesreizen	 (zum	
Beispiel	Eigenbewegungen)	verglichen.	Auf	diese	Weise	wird	das	Verhalten	ständig	an	die	neuen	Bedingungen	
angepasst.	 Falsche	 Verknüpfungen	 in	 den	 beteiligten	 neuronalen	 Schaltkreisen	 können	 die	 komplexen	
Rückkopplungen	beeinträchtigen,	 indem	 irreführende	oder	widersprüchliche	 Informationen	eingefügt	werden.	
Dies	kann	zu	einer	Instabilität	des	motorischen	Verhaltens	führen.	In	der	vorliegenden	Dissertation	untersuchte	
ich	 die	 Auswirkungen	 von	 falschen	 Verknüpfungen	 der	 Sehbahn	 auf	 die	 Augenbewegung	 und	 die	
Gleichgewichtskontrolle	bei	Zebrafischlarven.	
In	 der	 Zebrafischmutante	 belladonna	 (bel)	 ist	 das	 Wachstum	 der	 Sehnervenfasern	 durch	 die	
Sehnervenkreuzung	 (chiasma	 opticum)	 beeinträchtigt,	 was	 zu	 einer	 abnormalen	 Projektion	 eines	 variablen	
Anteils	 der	 Fasern	 zur	 falschen	 Hirnhemisphäre	 führt.	 Während	 in	Wildtyp	 Zebrafischlarven	 alle	 Fasern	 am	
chiasma	 opticum	 kreuzen	 und	 zur	 kontralateralen	 Hirnhemisphäre	 projizieren,	 projizieren	 einige	 oder	 alle	
Fasern	 in	 bel	 Larven	 in	 die	 falsche	 Hemisphäre,	 dort	 aber	 an	 die	 korrekte	 topographische	 Stelle.	 Zusätzlich	
wurden	subtile	morphologische	Augendefekte	sowie	zwei	Augenbewegungsstörungen	in	bel	Larven	beschrieben.	
Die	 erste	 Augenbewegungsstörung	 ist	 eine	 Seitenverkehrung	 des	 optokinetischen	 Nystagmus	 (OKN),	 eine	
normalerweise	kompensatorische	Augenbewegung	in	die	Richtung	eines	sich	bewegenden	Umfelds,	die	das	Bild	
auf	der	Netzhaut	stabilisiert.	Bei	einigen	bel	Larven	bewegen	sich	die	Augen	in	die	entgegengesetzte	Richtung,	
was	 als	 seitenverkehrter	 OKN	 bezeichnet	 wird.	 Larven	 mit	 einem	 seitenverkehrten	 OKN	 zeigen	 zudem	 in	
Abwesenheit	 eines	 bewegten	 Umfelds	 spontane	 Augenoszillationen	 (Spontannystagmus).	 Diese	
Augenbewegungsstörungen	 ähneln	 jenen,	 die	 in	 Patienten	 mit	 Kongenitalem	 Nystagmus	 (KN)	 beobachtet	
werden,	 wie	 im	 Kapitel	 3	 dieser	 Arbeit	 gezeigt	 wird.	 Auf	 Grund	 dieser	 Ähnlichkeit	 könnte	 die	 bel	
Zebrafischmutante	 ein	 wertvolles	 Modell	 sein,	 um	 mögliche	 Mechanismen	 zu	 untersuchen,	 die	 zu	 den	
Augenoszillationen	bei	Patienten	mit	KN	führen.	
Das	 vierte	 Kapitel	 dieser	 Dissertation	 befasst	 sich	 mit	 einer	 Korrelationsstudie	 zwischen	 der	 Anzahl	 der	
falsch	 projizierenden	 Sehnervenfasern	 und	 dem	Ausmass	 der	 Augenbewegungsstörungen	 bei	bel	 Larven.	Wir	







Stabilisierung	 eines	 sich	 bewegenden	 Umfelds	 auf	 der	 Netzhaut	 zielen	 würde,	 in	 eine	 positive	
Rückkopplungsschleife	umwandelt.	Die	positive	Rückkopplungsschleife	führt	dazu,	dass	die	Wahrnehmung	einer	






Die	 Augenoszillationen	 können	 sowohl	 bei	 Patienten	 mit	 KN	 wie	 auch	 bei	 bel	 Larven	 verschiedene	
Wellenformen	 annehmen.	 Die	 Ätiologie	 der	 einzelnen	 Wellenformen	 ist	 unklar	 und	 umstritten.	 In	 Kapitel	 5	
untersuchten	 wir	 eine	 mögliche	 Korrelation	 zwischen	 den	 verschiedenen	 Wellenformenarten	 und	 dem	
Schweregrad	des	morphologischen	Phänotyps.	Wir	konnten	zeigen,	dass	die	Wellenformen	vermutlich	nicht	den	
Prozentsatz	der	falsch	projizierenden	Sehnervenfasern	widerspiegeln,	weil	die	meisten	untersuchten	einzelnen	





somatosensorische	 Dysfunktionen	 zurückgeführt,	 aber	 nie	 direkt	 mit	 Fehlsichtigkeit	 in	 Verbindung	 gebracht,	
obwohl	bekannt	ist,	dass	visuelle	Informationen	die	Gleichgewichtskontrolle	bei	Wirbeltieren	stark	beeinflussen.	
Wir	konnten	zeigen,	dass	die	Gleichgewichtstörung	in	bel	visuell	bedingt	ist	und	dass	sie	in	Larven	vorkommt,	in	
denen	 die	 Sehnervenfasern	 asymmetrisch	 zu	 den	 Hirnhemisphären	 projizieren.	 Wir	 postulieren,	 dass	 eine	
asymmetrische	 Innervierung	 der	 beiden	 Hemisphären	 zu	 einem	 Ungleichgewicht	 bei	 der	 Efferenz	 aus	 den	
beiden	Hemisphären	nach	einer	visuellen	Stimulation	 führen	kann.	Dies	 führt	dann	zu	einem	Ungleichgewicht	
bei	der	Weitergabe	des	Reizes	zu	den	Muskeln	während	des	Schwimmens.	Diese	Befunde	können	als	Grundlage	
für	 die	 Ermittlung	 der	 Nervenschaltkreise	 dienen,	 die	 an	 der	 Gleichgewichtskontrolle	 mittels	 visueller	












the	scientific	world	as	a	vertebrate	model	organism	by	George	Streisinger	with	 the	 idea	 to	use	 it	 at	 the	 larval	
stage	for	developmental	genetics	(Streisinger	et	al.,	1981).	Streisinger	and	colleagues	recognized	the	potential	of	
this	little	animal,	which	combines	many	advantages	of	vertebrates	with	amenabilities	of	invertebrate	organisms,	





extra‐corporeal	and	 is	 transparent	allowing	experimental	manipulations	and	observations.	For	reviews	on	 the	




ganglion	 cells	 (optic	 nerve)	 crossing	 at	 the	 optic	 chiasm	 and	 the	 visual	 centers	 of	 the	 brain,	which	 integrate	
visual	inputs	(Fig.	1.1).	For	a	review	on	the	zebrafish	visual	system	see	(Neuhauss,	2010).		
Development	of	the	retina	is	very	fast.	At	about	28	hours	post	fertilization	(hpf)	the	first	postmitotic	retinal	
cells	 appear	 (Nawrocki,	 1985),	 at	 about	30	hpf	 the	 first	 fibers	 of	 the	 optic	 nerve	 appear	 and	 reach	 the	 visual	








tectum	 in	 the	midbrain	 is	 not	 visible	 in	 this	 section.	 OC,	 optic	 chiasm;	 ON,	 optic	 nerve.	 Scale	 bar,	 100	 µm.	 Adapted	 from	
(Neuhauss,	2010).	
	




inner	nuclear	 layer	 contains	 cell	 bodies	 of	 bipolar,	 horizontal	 and	 amacrine	 interneurons	 and	of	Mueller	 glial	





of	 the	 eye	 enclosed	 by	 the	 retinal	 pigment	 epithelium	 (RPE,	 see	 Fig.	 1.2),	 which	 shields	 and	 supports	
photoreceptors	 in	 their	 function	 (reviewed	 in	 (Strauss,	 2005)).	 In	 the	human	 retina,	 cone	photoreceptors	 are	
densely	 packed	 in	 a	 central	 region	 of	 the	 retina,	 the	 fovea,	 onto	which	 the	 image	 is	 focused	 (Kolb,	 2013).	 In	
contrast,	 zebrafish	 are	 afoveate	 animals	 and	 cones	 are	distributed	 in	 a	 cone	mosaic	 all	 over	 the	 retina	 (Lyall,	
1957).	 Photoreceptors	 hyperpolarize	 upon	 light	 photon	 absorption	 and	 reduce	 the	 release	 of	 glutamate.	
Glutamate	 released	 into	 the	 synaptic	 cleft	 causes	depolarization	of	OFF‐bipolar	 cells	 and	hyperpolarization	of	
ON‐bipolar	cells.	Thus,	OFF‐bipolar	cells	pass	the	signal	further	to	RGC	when	light	is	reduced	(higher	amount	of	
glutamate	is	released	by	the	photoreceptors)	and	ON‐bipolar	cells	signal	an	increase	in	light	(a	reduced	amount	
of	glutamate	 is	 released	by	 the	photoreceptors).	An	horizontal	network	of	horizontal	and	amacrine	cells	 form	
lateral	 connections	 and	 modulate	 the	 signal	 for	 contrast	 enhancement	 or	 light	 adaptation	 (reviewed	 in	
(Neuhauss,	 2010)).	 The	 fourth	 cell	 type	 in	 the	 inner	 nuclear	 layer,	Mueller	 glial	 cells,	 are	 essential	 for	 retinal	





















in	 humans.	 In	 animals	 with	 lateral	 eyes	 the	 visual	 field	 is	 typically	 projected	 on	 the	 ipsilateral	 eye	 and	 the	
complete	optic	nerve	needs	to	cross	at	the	optic	chiasm,	whereas	the	more	the	eyes	are	shifted	to	the	front,	the	









contralateral	 brain	 hemisphere.	 In	 humans,	
fibers	 originating	 in	 the	 nasal	 retina	 (blue)	
cross	at	 the	chiasm,	whereas	 fibers	originating	
in	the	temporal	retina	(red)	do	not	cross	at	the	





The	 main	 target	 in	 the	 brain	 is	 the	 optic	 tectum,	 homologous	 to	 the	 superior	 colliculus,	 which	 plays	 an	
important	role	 in	 the	control	of	eye	movements	 (Hall	and	Moschovakis,	2003).	The	optic	 tectum,	with	a	more	
complex	architecture	than	its	mammalian	counterpart,	receives	and	integrates	different	sensory	inputs	(Hall	and	
Moschovakis,	 2003)	 and	mediates	 a	 number	 of	 complex	 behaviors	 such	 as	 prey	 capture.	 It	 is	 likely	 that	 the	
tectum	fulfills	many	integrating	tasks	that	in	mammals	have	been	taken	over	by	the	neocortex	(Friedrich	et	al.,	
2010).	Terminal	arborization	in	the	tectum	is	topographic	with	retinal	nasal	axons	terminating	in	the	posterior	
tectum	 and	 temporal	 axons	 terminating	 in	 the	 anterior	 tectum.	 Analogously,	 ventral	 axons	 terminate	 in	 the	







Pretectum	 and	 tectum	 receive	 visual	 inputs	 from	 the	 retina	 and	 send	motor	 outputs	 to	 several	 premotor	
nuclei	of	the	reticulospinal	system	in	the	hindbrain	via	the	tectobulbar	tract	(Wurtz	and	Albano,	1980;	Sato	et	al.,	






the	 optic	 chiasm	 to	 finally	 reach	 its	 target	 (reviewed	 in	 (Tessier‐Lavigne	 and	 Goodman,	 1996;	 Petros	 et	 al.,	
2008)).	Several	attractive	and	repellent	guidance	molecules	and	their	receptors	‐	expressed	by	RGCs	themselves	
and	by	supporting	cells	such	as	other	neurons	or	glial	cells	‐	may	be	involved	(reviewed	in	(Petros	et	al.,	2008))	
(Dell	 et	al.,	2013).	The	absence	or	downregulation	of	 some	of	 them	can	 lead	 to	RGCs	misrouting	 (reviewed	 in	
(Hutson	and	Chien,	 2002))	 (Dell	 et	 al.,	 2013).	Recently,	 Pittman	et	 al.	 could	 show	 that	 axon‐axon	 interactions	
with	early‐born	RGCs	(pioneer	axons)	are	necessary	for	later	axons	to	exit	the	eye	and	to	correctly	project	to	the	
contralateral	brain	hemisphere.	How	pioneer	axons	lead	later	axons	is	still	unclear,	but	cell‐adhesion	molecules	
or	 secretion	 of	 attractants	 could	 play	 a	 role	 (Pittman	 et	 al.,	 2008).	 Glial	 cells	 have	 been	 found	 in	 the	 chiasm	
(Marcus	et	al.,	1995)	and	may	work	as	a	cellular	substrate	to	build	the	way	for	the	projecting	axons.		
Large‐scale	 forward	 genetic	 screens	 coupled	 with	 behavioral	 assays	 have	 enabled	 researchers	 to	 isolate	




In	 a	 classical	 forward	 genetic	 screens,	 spermatogonia	 of	 male	 zebrafish	 are	 randomly	 mutagenized	 by	






gives	 rise	 to	 homozygous	mutants	 that	 can	 be	 screened	 for	 specific	 recessive	 phenotypes.	 If	 two	 carriers	 are	
crossed,	around	25	%	of	the	offspring	displays	the	phenotype	and	can	be	further	analyzed	to	shed	light	on	the	
function	of	the	mutated	gene	(Mullins	et	al.,	1994).	
The	 first	 pilot	 screens	 adapted	 the	 approaches	 already	 used	 in	 invertebrate	 organisms	 and	 isolated	
mutagenized	lines	in	which	homozygous	embryos	displayed	general	developmental	defects	(Mullins	et	al.,	1994;	
Haffter	et	al.,	1996).	Further	screenings	selected	more	specific	phenotypes	affecting	several	different	organs.	One	










Pioneer	 work	 was	 done	 by	 John	 Clark,	 a	 student	 of	 George	 Streisinger,	 who	 already	 described	 many	 of	 the	
behavioral	assays	in	his	doctoral	thesis	(Clark,	1981).		
One	 of	 the	 most	 robust	 innate	 behaviors	 is	 the	 optokinetic	 response	 (OKR)	 (reviewed	 in	 (Huang	 and	
Neuhauss,	 2008)),	 which	 is	 elicited	 by	 whole	 field	 movement	 of	 the	 environment	 and	 is	 characterized	 by	




color	 blindness	 (Brockerhoff	 et	 al.,	 1997).	 When	 only	 one	 eye	 is	 presented	 with	 the	 moving	 stimulus,	 the	
unstimulated	eye	will	move	in	the	same	direction	as	the	stimulated	one,	although	at	a	lower	velocity,	indicating	
that	 optokinetic	 eye	movements	 are	 coupled	 in	 zebrafish	 larvae	 (Beck	 et	 al.,	 2004;	 Rinner	 et	 al.,	 2005).	 This	
behavioral	 assay	has	been	 successfully	 applied	 in	 several	 screens	 (reviewed	 in	 (Neuhauss,	2003)),	but	 can	be	
used	 as	 well	 to	 study	 how	 motion	 is	 decoded	 (reviewed	 in	 (Maurer	 et	 al.,	 2011)).	 A	 review	 of	 the	 main	
applications	of	this	assay	as	well	as	a	detailed	protocol	is	found	in	Chapter	2	of	this	Thesis.		
A	 similar	 behavior	 based	 on	 visual	 motion	 detection	 is	 the	 optomotor	 response	 (OMR)	 (Fig.	 1.4B),	
characterized	by	a	tendency	to	swim	in	the	direction	of	a	moving	whole	field	environment.	In	the	laboratory,	the	
OMR	can	be	evoked	by	placing	free‐swimming	larvae	in	a	container	with	transparent	bottom,	through	which	a	





more	recently	(Emran	et	al.,	2008).	 It	 is	based	on	the	visual	startle	reflex,	a	motor	response	to	fast	changes	 in	






flash	 but	 independently	 from	 behavior.	 A	 light	 stimulation	 leads	 to	 recording	 of	 an	 a‐	 a	 b‐,	 and	 a	 d‐wave	
reflecting	 responses	 generated	 by	 photoreceptors,	 ON‐bipolar	 cells,	 and	 OFF‐bipolar	 cells,	 respectively	 (Fig.	
1.4D).		
Genetic	screenings	have	employed	a	combination	of	different	assays	leading	to	characterization	of	the	main	


























fate	 determination	 and	 axon	 pathfinding	 (Sockanathan,	 2003).	 Detailed	 analysis	 of	 eye	 and	 forebrain	
morphology	 displayed	 acellular	 aggregates	 near	 the	 lens,	 slightly	 disorganized	 Mueller	 glial	 cells,	 forebrain	
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patterning	 defects	 and	 highly	 disorganized	 glial	 bridges	 at	 the	 chiasm	 at	 21	 hpf	 (thus	 prior	 to	 optic	 nerve	
patterning).	Expression	analysis	of	guidance	molecules	revealed	that	some	of	them	(sema3d,	netrin1a	and	slit2)	
are	mis‐expressed	in	the	chiasm	region	but	others	are	not	affected	(Seth	et	al.,	2006).	Taken	together,	these	data	
indicate	 that	 lhx2	 in	 zebrafish	 is	 involved	 in	 eye	morphogenesis	 and	midline	 pathfinding	 by	 regulating	 some	
aspects	of	axon	guidance	(Seth	et	al.,	2006).		




study	 showed	 that	 achiasmatic	 larvae	 (i.e.	 larvae	 in	 which	 all	 optic	 nerve	 fibers	 do	 not	 cross	 the	 chiasm)	
presented	 a	 reversed	 OKR,	 the	 authors	 suggested	 that	 misrouting	 of	 optic	 nerve	 projections	 may	 reverse	 a	
controlling	 negative	 feedback	 loop,	 which	 normally	 would	 have	 the	 function	 to	 regulate	 compensatory	 eye	
movements	in	order	to	stabilize	the	retinal	slip,	i.e.	the	moving	image	on	the	retina	(Neuhauss	et	al.,	1999;	Rick	et	
al.,	2000).		
A	 few	years	 later	a	new	study	 in	our	group	described	spontaneous	eye	oscillations	(SOs)	 in	 the	absence	of	
environmental	motion	in	bel	mutants	with	a	reversed	OKR.	In	this	study,	both	OKR	reversal	and	SOs	were	shown	
to	depend	on	vision	and	 to	be	contrast	 sensitive.	A	quantitative	mathematical	model	was	able	 to	 simulate	 the	
observed	 SOs	 by	 reversing	 the	 signal	 of	 the	 retinal	 slip	 velocity,	 adding	 evidence	 to	 the	 hypothesis	 that	
misrouting	 of	 the	 optic	 nerve	 fibers	 may	 affects	 the	 sensorimotor	 feedback	 loop.	 In	 larvae	 with	 ipsilateral	
projections,	the	visual	input	reaches	the	wrong	brain	hemisphere,	leading	to	an	inverted	perception	of	motion.	
The	attempt	 to	compensate	 the	retinal	 slip	actually	results	 in	 its	 increase.	Thus,	a	normally	negative	 feedback	
loop	is	turned	into	a	positive	one	(Huang	et	al.,	2006).		
The	observed	SOs	closely	resembled	spontaneous	eye	movements	displayed	by	human	patients	with	Infantile	





oscillations	 of	 the	 eyes.	 In	 contrast	 to	 acquired	 nystagmus,	 which	 arises	 later	 in	 life	 as	 a	 consequence	 of	 an	
accompanying	neurological	disorder	(Stahl	et	al.,	2000),	infantile	nystagmus	is	already	present	at	birth	or	arises	
during	the	first	months	of	life	(Gresty	et	al.,	1984;	Maybodi,	2003).	Prevalence	is	around	2	per	1000	individuals	




retina	 or	 optic	 nerve,	 such	 as	 aniridia,	 fovea	 hypoplasia	 and	misprojection	 of	 optic	 nerve	 fibers.	 However,	 in	






oscillations	may	be	provoked	by	different	mechanisms.	Varying	hypotheses	 circulate	 in	 the	 field	 (reviewed	 in	
(Abadi,	 2002))	 and	 it	 may	 well	 be	 that	 many	 of	 them	 are	 explaining	 different	 etiologies	 of	 eye	 oscillations.	
However,	most	hypotheses	are	based	on	mathematical	modeling	and	the	lack	of	a	suitable	animal	model	makes	
their	validation	difficult.	
Recently,	 genetic	 analysis	 of	 affected	 families	 has	 helped	 toward	 a	 better	 biological	 understanding	 of	 the	









only	 the	 eyes	 are	 affected.	 Ocular	 findings	 include	 iris	 transillumination	 defects,	 high	 refractive	 error,	
strabismus,	fundal	hypopigmentation,	foveal	hypoplasia	and	excessive	crossing	of	optic	nerve	fibers	at	the	optic	
chiasm	 (reviewed	 in	 (Summers,	 2009)).	 The	 etiology	 of	 spontaneous	 eye	 oscillations	 in	 albinism	 is	 still	 not	
known	but	misrouting	of	the	optic	nerve	fibers	could	play	a	role	(Collewijn	et	al.,	1978;	Winterson	and	Collewijn,	





















As	 mentioned	 above,	 ocular	 motor	 behavior	 can	 be	 quantified	 in	 a	 laboratory	 setting.	 In	 Chapter	 2	 the	
characteristics	 of	 ocular	 motor	 behavior	 are	 summarized	 and	 detailed	 procedures	 to	 elicit,	 influence,	 and	
quantify	eye	movements	are	explained.	This	 chapter	was	published	as	a	book	section	 in	Methods	 in	Molecular	
Biology.		
In	 order	 to	 establish	 bel	 mutant	 as	 a	 model	 to	 study	 possible	 mechanisms	 underlying	 INS,	 waveform	
characteristics	of	SOs	needed	to	be	described	and	compared	to	eye	oscillations	in	human	patients.	In	Chapter	3	
we	 qualitatively	 compared	waveforms	 recorded	 in	 zebrafish	 and	 human	 and	 show	 that	 zebrafish	waveforms	
include	all	 features	typical	of	 INS.	This	chapter	 is	an	adapted	version	of	a	publication	 in	the	Annals	of	the	New	
York	Academy	of	Science,	resulting	from	a	joint	work	with	the	Neurology	Department	of	the	University	Hospital	
Zurich.		
bel	 homozygous	 mutants	 display	 a	 variety	 of	 ocular	 motor	 phenotypes	 as	 well	 as	 a	 variable	 number	 of	
misrouting	optic	nerve	 fibers	 (Rick	et	al.,	2000;	Huang	et	al.,	2006).	Therefore,	 the	mutant	may	be	suitable	 to	
study	 how	 misrouting	 of	 the	 optic	 nerve	 fibers	 affects	 ocular	 motor	 behavior.	 In	 chapter	 4,	 we	 studied	 the	
etiology	of	 SOs	 and	we	performed	a	 correlation	 study	between	 fraction	of	misrouting	optic	nerve	 fibers,	OKR	
characteristics	 and	 occurrence	 of	 SOs.	 This	 work	 was	 published	 in	 Journal	 of	Neuroscience.	 In	 chapter	 5,	 we	
quantified	 the	 occurrence	 of	 different	 SOs	waveforms	 in	 single	 fish	 under	 different	 conditions	 to	 answer	 the	
question	 whether	 different	 waveforms	 mirror	 a	 specific	 morphological	 phenotype	 or	 are	 influenced	 by	
environmental	 factors.	 This	manuscript	 has	 been	 submitted	 for	 publication	 to	 Investigative	Ophthalmology	&	
Visual	Sciences.		
In	chapter	6	a	so	 far	not	reported	deficit	 in	postural	control	 in	a	subset	of	bel	mutants	 is	described.	Those	
larvae	 show	 deficits	 in	 postural	 control	 on	 the	 longitudinal	 body	 axis,	 a	 condition	 that	 had	 been	 previously	
related	 to	 vestibular	 deficits	 (Whitfield	 et	 al.,	 1996)	 but	 never	 directly	 to	 visual	 defects.	 Here,	 we	 aimed	 at	
studying	the	influence	of	vision	and	misrouting	optic	nerve	fibers	on	postural	control.	This	work	may	provide	the	
basis	for	the	identification	of	the	circuit	involved	in	visual‐postural	control	in	zebrafish.	As	such	studies	would	
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fertilization	 and	 can	 be	 used	 in	 the	 laboratory	 for	 screening	 of	 visual	 performance	 following	 genetic	













eyes	 toward	an	object	of	 interest	 and	 include	 saccadic	movements,	 smooth	pursuit	 and	vergence	movements.	
Gaze	stabilizing	eye	movements	include	the	vestibular	ocular	reflex	(VOR)	and	the	optokinetic	response	(OKR)	
and	aim	at	stabilization	of	a	relative	movement	of	the	image	on	the	retina,	the	retinal	slip.	Retinal	slip	is	caused	
by	either	self‐motion	or	motion	of	 the	surround	and	results	 in	a	blurred	 image.	VOR	and	OKR	are	 involuntary	
compensatory	eye	movements	restoring	high	visual	acuity.	When	the	environment	is	continuously	moving	in	one	
direction,	 the	OKR	produces	 a	nystagmus	 composed	of	 cycles	of	 a	 slow	eye	movement	 in	 the	direction	of	 the	
stimulus	 and	 a	 fast	 resetting	movement,	 called	 saccade,	 in	 the	 opposite	 direction.	 The	 OKR	 is	 triggered	 by	 a	














Several	 setups	 for	measurement	 of	 the	 zebrafish	 OKR	 have	 been	 described.	 All	 of	 them	 are	 based	 on	 the	
presentation	of	moving	gratings	to	the	larva	or,	more	recently,	to	the	adult	fish.	However,	different	approaches	
exist	for	presenting	the	gratings	and	analyzing	data.	In	initial	experiments,	the	larva	was	placed	inside	a	rotating	




change	different	parameters,	 such	as	 contrast,	 spatial	 frequency	and/or	angular	velocity,	direction	of	 rotation	
and	 any	 other	 stimulus	 parameter	 of	 choice.	 In	 order	 to	 project	 the	 gratings	 onto	 the	 drum,	 a	 digital	 light	
projector	 is	 placed	 either	 on	 the	 plane	 of	 the	 subject	 (linear	 projection)	 or	 below	 the	 subject.	 Using	 linear	
projection,	only	monocular	stimulation	is	possible	(Rinner	et	al.,	2005).	When	the	projector	is	placed	below	the	
subject,	 the	gratings	are	projected	via	a	mirror	to	the	whole	drum	enabling	binocular	stimulation	(Roeser	and	











Roeser&Baier	 (Roeser	 and	 Baier,	 2003)	 ‐	 image	 series	 are	 acquired	 by	 an	 infrared‐sensitive	 CCD	 camera	
mounted	onto	a	dissecting	microscope.	Custom‐made	tracking	software	extracts	information	about	eye	position	
from	the	acquired	images.		
Most	 OKR	 setups	 described	 in	 the	 literature	 are	 built	 for	measurement	 of	 eye	movements	 in	 larvae.	 OKR	
testing	in	adult	 fish	is	more	challenging,	mainly	because	of	the	difficulty	of	restraining	body	movements	of	the	





is	 stimulated	 binocularly	 by	 computer‐generated	 gratings	 and	 the	 eye	 position	 over	 time	 is	 automatically	
tracked.	The	resulting	eye	velocity	is	calculated	in	real	time.		We	describe	the	detailed	procedure	for	recording	




protocol	 may	 change	 over	 time.	 However,	 our	 detailed	 protocol	 should	 enable	 the	 reader	 to	 apply	 the	
methodology	 of	 quantitative	 OKR	measurements.	 Recently,	 a	 commercial	 instrument	 based	 on	 the	 described	
setup	has	become	available	(VisioTracker	by	TSE‐Systems).		
Additionally,	 we	 present	 here	 a	 simple	 assay	 that	 enables	 a	 non‐automated	 qualitative	 analysis	 of	 OKR	






























































































Protocols	 for	 fish	 breeding	 can	 be	 found	 online	 in	 the	 Zebrafish	 book	


























Recording	controls	are	on	 the	 top.	A	real	 time	 image	of	 the	 larva	 is	displayed	on	 the	 left.	Tracking	and	eye	velocity	data	are	
shown	 in	 the	centre:	The	angle	and	 the	velocity	of	 the	right	and	 left	eye	are	displayed,	 the	velocity	of	 the	rotating	pattern	 is	






(see	Note	8).	 Choose	 the	 highest	 possible	magnification.	 Pay	 attention	 that	 the	 eyes	 are	 visible	 on	 the	
screen.	When	the	larva	is	in	focus,	place	the	plastic	drum	around	the	animal.		










frames/s	 for	screening	of	mutants	and	25	 frames/s	 for	quantitative	analysis	of	 the	OKR	behavior	 itself.	
This	 frame	 rate	has	 to	be	 lower	 than	 the	 frame	 rate	of	 the	 camera	 (h).	Change	 the	opening	 time	of	 the	
camera	 shutter	 if	 necessary	 (i).	 Lowering	 the	opening	 time	 reduces	 image	brightness	but	 increases	 the	
frame	rate	(h).	
6.	Load	the	Configuration	File	(j).		
7.	 Press	 the	 “Go”‐button	 (k)	 to	 start	 the	 experiment	 (see	Notes	9‐10).	 The	 experiment	 can	 be	 aborted	 by	
pressing	“Go”	again.	 If	 “Go”	 is	pressed	without	having	 loaded	a	Configuration	File,	 the	stimulus	will	 run	
with	 the	 parameters	 shown	 in	 (l).	 These	 parameters	 (colors,	 contrast,	 spatial	 frequency	 and	 angular	
velocity)	can	be	changed	here.	However,	without	a	Configuration	File	the	eye	position	over	time	will	not	
be	recorded.		
8.	When	the	end	of	 the	Configuration	File	 is	reached,	a	window	appears	(Fig.	2.5).	Here,	 the	parameters	to	
filter	saccades	and	smooth	the	velocity	curves	‐	saccade	threshold,	saccaround	and	running	average	‐	can	
be	set	(a)	(see	Note	11).	The	velocity	curve	of	each	eye	after	smoothing	is	shown	in	(b)	and	the	velocity	
averaged	over	 the	same	stimulus	conditions	 is	 indicated	 in	 (c).	Enter	 subject	 information	 (fish	number,	
genotype,	experiment	and,	optionally,	any	comments)	(d).	Save	the	results	(e).		




each	 measured	 conditions.	 For	 each	 fish	 recorded,	 an	 additional	 tab‐file	 containing	 the	 raw	 data	 is	
automatically	 saved.	Each	 line	 represents	a	 frame.	Columns	A	and	B	 contain	values	 for	 the	angular	eye	
position	of	the	right	and	the	left	eye	respectively.	Columns	C	and	D	contain	values	for	the	eye	velocity	in	






















































































4.	 Contrast,	 brightness	 and	 gamma	 of	 the	 image	 can	 be	 adjusted	 after	 having	 activated	 the	 button	 “BCG	
Lookup”	(g).	
5.	We	usually	stimulate	adult	 fish	binocularly	(field	of	view	=	360	deg).	However,	 it	 is	possible	 to	choose	a	
monocular	 stimulation	of	 the	 right	eye	and	a	monocular	 stimulation	of	 the	 left	eye	 (h).	 In	 the	case	of	a	
monocular	stimulation,	the	field	of	view	can	be	regulated	as	in	larval	experiments.	
6.	Choose	the	frame	rate	at	which	the	images	from	the	camera	are	processed	by	the	software	(i).	We	typically	




(see	Notes	17‐19)	 If	 “Go”	 is	pressed	without	a	Configuration	File	 loaded,	 the	stimulus	will	 run	with	 the	
parameters	shown	in	(n)	as	in	the	setup	for	larvae.	




11.	 After	 successful	 measurement,	 turn	 the	 chamber	 back	 to	 a	 vertical	 position,	 switch	 off	 the	 pump	 and	
remove	the	fish	together	with	the	sponge	and	plastic	half	pipes	using	forceps.	Release	the	fish	into	a	tank	





































2.	 Plot	 a	 line	 graph	with	 the	 varying	 condition	on	 the	 x‐axis	 and	 the	 average	 eye	 velocity	 on	 the	 y‐axis.	 If	


























2.	 Resolution	 of	 the	 projector	 should	 be	 as	 high	 as	 possible	 (preferably	 use	 a	 HD‐projector)	 to	 enable	
presentation	of	narrow	stripes	necessary	to	determine	spatial	resolution.	In	addition,	the	projector	should	
have	a	high	contrast	ratio	and	a	deep	black	level.	
3.	We	 embed	 our	 larvae	 in	 a	 3%	methylcellulose	 solution	 in	 order	 to	 restrain	 body	movement	with	 only	
minimal	 effect	 on	 	 eye	movements.	 Zebrafish	 larvae	 survive	 in	methylcellulose	 since	 this	 is	 a	non‐toxic	
viscous	medium	 that	 allows	 oxygenation	 through	 the	 skin.	 Alternatively,	 the	 body	 of	 the	 larva	 can	 be	





















“color1	blue”	 in	 column	F.	 Choose	 values	 between	0	 and	1.	 Each	 value	 specifies	 the	 intensity	 of	 the	
respective	color‐channel.	For	grey	stripes	choose	the	same	value	 for	all	channels,	whereby	the	value	















In	 this	example	Spatial	Frequency	(SF)	 is	changed	 in	each	sequence,	contrast	and	angular	velocity	are	constant.	The	 first	 line	
represents	the	calibration	sequence	(see	Note	7).	
	
6.	 We	 normally	 change	 only	 one	 parameter	 in	 each	 Configuration	 File.	 E.g.	 we	 measure	 the	 contrast	
sensitivity	and	therefore	vary	the	contrast	value	but	leave	all	other	parameters	constant.		
In	the	case	of	contrast,	we	start	with	the	highest	contrast,	we	reduce	it	stepwise	and	increase	it	again.	Note	






















(b)	Make	 sure	 that	 the	 stimulus	 is	 running	properly.	 If	 the	 stimulus	 shut	down	unexpectedly,	 close	 the	
software	 and	 the	 python	 program	 and	 restart	 both	 (first	 the	 python	 program	 and	 then	 the	 OKR	
software).		
(c)	Make	sure	that	the	projector	lamp	is	working	properly	and	not	getting	weaker.	Measure	the	luminance	






(g)	Measure	a	healthy	and	untreated	wild‐type	 larva	as	a	control.	 If	 this	 larva	shows	a	normal	OKR	and	








to	 filter	out	 the	saccades	 (fast	 resetting	movements	 in	 the	opposite	direction	 than	 the	stimulus)	and	 to	
smooth	the	curve.	We	usually	do	this	with	the	help	of	an	empirically	tested	formula	(Haug	et	al.,	2010):	If	








12.	 Write	 the	 Configuration	 File	 following	 the	 guidelines	 for	 experiments	 with	 larvae	 (see	Notes	 5‐7).	 For	
recordings	 in	 adult	 fish,	 we	 typically	 stimulate	 binocularly	 and	 in	 one	 direction	 only.	 Therefore,	 each	
sequence	consists	of	only	one	cycle.	The	length	of	the	sequences	can	be	set	as	preferred.	We	usually	record	







180	 cycles/360	 deg.	 To	 determine	 the	 temporal	 resolution,	 we	 usually	 run	 sequences	 with	 angular	
velocity	values	between	5	and	55	deg/s.	











frequency	 (ca.	 36	 cycles/360	 deg)	 and	 high	 angular	 velocity	 (ca.	 20	 deg/sec).	 Repeat	 this	 until	 eye	
movements	are	stable	and	well	correlated	to	visual	stimulation.	
18.	If	the	fish	does	not	show	any	eye	movements	at	all,	make	sure	the	pump	is	running.	Oxygenation	may	be	










use	 the	 saccaround	method.	 To	 define	 the	method	 of	 choice,	 press	 (b).	 The	 curve	 is	 smoothened	 by	 a	












order	 to	 quantitatively	 analyze	 those	 eye	 movements,	 a	 more	 precise	 quantification	 software	 was	
developed	 using	 the	 R	 statistical	 computing	 language.	 Briefly,	 the	 eye	movement	was	 recorded	with	 a	
frame	 rate	 of	 12.5	 frames/s	 (nowadays	 we	 record	 with	 25	 frames/s).	 The	 eye	 position	 trace	 was	
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Infantile	 nystagmus	 syndrome	 (INS;	 formerly	 called	 congenital	 nystagmus)	 is	 an	 ocular	 motor	 disorder	
characterized	by	several	typical	nystagmus	waveforms.	To	date,	restrictions	inherent	to	human	research	and	the	
absence	of	a	handy	animal	model	have	impeded	efforts	to	identify	the	underlying	mechanism	of	INS.	Displaying	
INS‐like	 spontaneous	 eye	 oscillations,	 zebrafish	 belladonna	 (bel)	 mutants	 may	 provide	 new	 insights	 into	 the	







Infantile	 nystagmus	 syndrome	 (INS;	 formerly	 called	 congenital	 nystagmus)	 is	 a	 disorder	 characterized	 by	
involuntary	 conjugate,	 predominantly	 horizontal	 oscillations	 of	 both	 eyes,	 present	 at	 birth	 or	 shortly	 after	
(Gresty	 et	 al.,	 1984;	 CEMASWorkingGroup,	 2001;	 Noorden	 and	 Campos,	 2002;	 Maybodi,	 2003).	 Prevalence	
estimates	range	from	0.1%	to	0.6%	in	the	general	population	(Forssman	and	Ringner,	1971;	Abadi	and	Bjerre,	
2002;	Sarvananthan	et	al.,	2009).	 INS	 is	associated	with	substantial	visual	 impairments	(Halmagyi	et	al.,	1980;	
Dickinson	and	Abadi,	1985;	Bedell	and	Loshin,	1991)	 that	adversely	affect	occupational	and	social	 functioning	
(Pilling	et	al.,	2005).	To	date,	 the	pathological	mechanism	of	 INS	 is	poorly	understood	(Abadi,	2002;	Dell'Osso,	
2006).	 It	 has	 been	 difficult	 to	 gain	 access	 to	 the	mechanisms	 that	 underlie	 INS	 for	 a	 number	 of	 reasons:	 the	





it	 is	 considered	 to	provide	evidence	 that	 the	pathology	 incorporated	 in	 the	model	may	also	be	present	 in	 INS	
patients.	As	plausible	as	such	a	conclusion	may	appear,	caution	is	warranted	for	two	reasons.	First,	even	a	high	
statistical	 correlation	 does	 not	 prove	 causation.	 Second,	 theoretically,	 an	 infinite	 number	 of	 models	 can	 be	
created	that	fit	the	real‐world	INS	data	sufficiently	well.	Consequently,	it	is	impossible	to	determine	which	of	the	
existing	INS	models	reflects	the	true	pathology	based	on	a	system	modeling	approach	alone.		




1996),	 a	 condition	 caused	 by	 a	 recessive	 mutation	 in	 the	 zebrafish	 lhx2	 homolog,	 a	 Lim	 domain	 homeobox	
transcription	factor	(Seth	et	al.,	2006).	The	study	of	lhx2	in	zebrafish	bel	mutants	revealed	that	lhx2	is	required	
for	forebrain	patterning	and	midline	axon	guidance	(Seth	et	al.,	2006).	The	face	validity	of	zebrafish	bel	mutants	
as	 a	 model	 of	 human	 INS	 goes	 beyond	 INS‐like	 spontaneous	 eye	 movements:	 They	 show	 other	 symptoms	
common	 to	 INS	 in	 humans	 such	 as	 a	 reversed	 optokinetic	 response	 (OKR)	 (Halmagyi	 et	 al.,	 1980;	Rick	 et	 al.,	
2000;	Huang	et	al.,	2006)	and	problems	in	visual	motor	functioning,	observable	as	looping	(swimming	in	circles)	
(Guerraz	et	al.,	2000;	Huang	et	al.,	2009).	
For	 zebrafish	bel	mutant	 to	earn	 the	 label	 “animal	model	 for	 INS,”	we	have	 to	 show	 that	 the	ocular	motor	
instabilities	 classify	 as	 INS.	 With	 this	 goal	 in	 mind,	 we	 inspected	 ocular	 motor	 data	 and	 identified	 the	 INS	










Outcrossed	sibling	pairs	were	set	up	 to	 identify	heterozygous	carriers.	Clutches	of	 these	 identification	crosses	
and	crosses	of	already	 identified	carriers	were	used	 for	 the	eye	movement	recording.	Embryos	were	raised	at	
28°C	 in	E3	medium	(5	mM	NaCl,	0.17	mM	KCl,	0.33	mM	CaCl2,	and	0.33	mM	MgSO4)	(Haffter	et	al.,	1996)	and	
staged	 according	 to	 development	 in	 days	 postfertilization	 (dpf).	 Larvae	 at	 4–5	 dpf	were	 anesthetized	with	 3‐
aminobenzoic	 acid	 ethyl	 esther	methane	 sulfonate	 (MS‐222,	 Sigma‐Aldrich)	 to	 sort	 the	 homozygous	mutants	
according	to	their	eye	pigmentation	phenotype	(Karlstrom	et	al.,	1996).	The	spontaneous	eye	oscillations	were	
measured	 in	 5–6	 dpf	 larvae.	 Larvae	were	 embedded	 dorsal	 up	 in	 the	 center	 of	 a	 35	mm	diameter	 Petri	 dish	
containing	 3%	 viscous	 methylcellulose	 to	 prevent	 body	 movement	 while	 only	 minimally	 constricting	 eye	
movements	 (Rinner	 et	 al.,	 2005;	 Huang	 et	 al.,	 2006).	 The	 stimulus	 consisted	 of	 a	 binocularly	 presented	 still,	
vertical	black	and	white	sine	grating	(contrast	=	80%,	spatial	frequency	=	0.056	or	0.033	cycles/degree)	that	was	
computer	 generated	 by	 an	 open‐source	 library	 for	 real‐time	 visual	 stimulus	 generation	 (Straw,	 2008)	 and	
projected	via	a	wide‐angle	conversion	 lens	 (HD‐4500PRO,	Raynox)	and	a	mirror	onto	a	paper	drum	by	a	LCD	







INS	patients	were	 recruited	via	 the	Department	of	Ophthalmology	and/or	Department	of	Neurology	of	 the	
University	Hospital	Zurich	(n	=	2).	The	visual	stimulus	(1280	×	1025	pixels,	60	Hz)	was	generated	by	a	custom‐
made	MATLAB	(Mathworks,	Natick,	MA)	software	package	and	cast	onto	a	white	screen	(width	=	168	cm,	height	








We	 classified	 the	 waveform	 types	 based	 on	 Dell’Osso	 and	 Daroff	 (Dell'Osso	 and	 Daroff,	 1975).	 When	




waveform	characteristics	 typical	 to	 INS	 (Fig.	3.1).	 In	 contrast	 to	human	 INS,	 zebrafish	bel	mutants	 showed	no	
spontaneous	oscillations	of	 the	eyes	 in	 the	dark	except	 for	some	centrifugal	 saccades	 followed	by	a	slow	drift	







(Fig.	 3.1A).	 Zebrafish	 bel	 mutants	 sometimes	 produce	 waveforms	 that	 resemble	 pendular	 nystagmus	 with	





Figure	 3.1:	 Representative	 examples	 of	 INS	
waveforms	 in	 zebrafish	bel	mutants	 (black)	and	
humans	(gray).		
In	 the	 left	 column,	 two	 typical	 cycles	 of	 each	
waveform	are	shown,	scaled	to	match	amplitude	and	
frequency.	The	right	column	contains	typical	traces	of	
the	different	waveform	 types.	The	human	 INS	 traces	




cycles/degree).	 B,	 pendular	 nystagmus	 with	
“foveating”	 saccades	 (bel	 =	 0.033	 cycles/degree,	
human	 =	 0.8	 cycles/degree).	 C,	 pure	 unidirectional	
jerk	nystagmus	 (bel	=	0.056	cycles/degree,	human	=	
0.05	 cycles/	 degree).	 Unidirectional	 jerk	 nystagmus	
with	 extended	 foveation	 in	 human	 (0.05	
cycles/degree)	 (dotted	 gray).	 D,	 pseudo‐cycloid	
unidirectional	 jerk	 nystagmus	 (bel	 =	 0.056	
cycles/degree,	human	=	0.8	cycles/degree).	E,	pseudo‐
pendular	 bidirectional	 jerk	 nystagmus	 (bel	 =	 0.056	





















brain	hemisphere	 and	 two	 abnormal	 ocular	motor	 behaviors,	 reversed	OKR	and	 spontaneous	 eye	 oscillations	
(Rick	et	al.,	2000;	Huang	et	al.,	2006).	 If	 the	ocular	motor	 instabilities	qualify	as	 INS,	we	can	use	zebrafish	bel	
mutants	as	a	model	organism	to	study	possible	mechanisms	underlying	INS.	The	Committee	for	the	Classification	
of	Eye	Movement	Abnormalities	and	Strabismus	(CEMAS)	defined	the	following	criteria	for	the	diagnosis	of	INS:	






the	 dark	 (data	 not	 shown).	 This	 difference	 could	 be	 explained	 by	 adaptive	mechanisms	 in	 humans,	 possibly	
including	the	pursuit	system	(which	is	not	present	in	fish).	With	the	ocular	motor	instabilities	diagnosed	as	INS,	
zebrafish	bel	mutants	can	be	used	as	a	model	organism	for	studying	INS.	
A	 zebrafish‐based	 animal	model	 for	 INS	 has	 numerous	 advantages	 over	 the	 achiasmatic	 Belgian	 sheepdog	
(Williams	et	al.,	1994;	Hogan	and	Williams,	1995;	Dell'Osso	et	al.,	1998)	and	other	potential	animal	models	for	




2003;	 Huang	 and	 Neuhauss,	 2008).	 In	 contrast	 to	 a	 rodent	 model,	 the	 cone‐dominant	 retina	 of	 zebrafish	
(Nawrocki	et	al.,	1985)	makes	it	possible	to	elucidate	the	role	of	color	vision	in	INS.	As	afoveate	animal	(Lyall,	
1957),	zebrafish	lacks	a	smooth	pursuit	system,	allowing	the	study	of	INS	in	the	absence	of	smooth	pursuit.	The	





the	 contralateral	 side	 of	 the	 brain.	 In	 some	 zebrafish	 bel	mutants,	 these	 projections	 map	 perfectly	 opposite,	
allowing	 the	 study	 of	 the	 role	 of	 a	 perfectly	 reversed	 visual	 pathway	 condition	 in	 INS.	 Finally	 and	 most	
importantly,	the	future	potential	of	this	animal	model	lies	in	the	small	larval	brain	with	only	a	limited	number	of	
stereotypic	 neuronal	 projections,	 which	 will	 be	 exceptionally	 advantageous	 for	 studying	 the	 information	
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larvae	with	 a	 substantial	 fraction	 of	misprojecting	 fibers.	 All	 larvae	with	 reversed	OKR	 also	 displayed	 SOs.	 A	
















as	 aniridia,	 fovea	 hypoplasia,	 and	 misprojections	 of	 optic	 nerve	 fibers	 (e.g.,	 in	 albinism),	 but	 can	 also	 be	
idiopathic	 (Khanna	and	Dell’Osso,	2006).	Because	of	 the	broad	 range	of	 accompanying	 symptoms,	 it	has	been	
difficult	to	define	the	etiology	of	INS.	Most	likely	different	mechanisms	can	lead	to	eye	oscillations.	The	lack	of	a	
suitable	animal	model	forced	researchers	to	depend	on	system	modeling,	leading	to	varying	hypotheses	(Abadi,	
2002):	 INS	may	be	 a	 result	 of	 a	defect	 in	 the	 internal	 gain	 calibration	of	 one	 of	 the	 ocular	motor	 subsystems	
(Harris,	 1995;	 Broomhead	 et	 al.,	 2000;	 Jacobs	 and	 Dell’Osso,	 2004)	 or	 a	 consequence	 of	 abnormal	 positive	
feedback	loops	caused	by	neuronal	miswiring	(Optican	and	Zee,	1984;	Tusa	et	al.,	1992).	Recently,	mutations	in	
the	 gene	 encoding	 FERM	domain‐containing	 7	 protein	 (FRMD7)	 have	 been	 related	 to	 idiopathic	 forms	 of	 INS	
(Tarpey	 et	 al.,	 2006;	 Watkins	 et	 al.,	 2012).	 FRMD7	 is	 involved	 in	 neuronal	 outgrowth	 and	 development,	
suggesting	a	role	in	neuronal	network	formation	(Betts‐Henderson	et	al.,	2010).	
Recently,	we	showed	that	the	zebrafish	mutant	belladonna	(bel)	may	be	a	suitable	animal	model	for	INS	in	the	
presence	 of	 optic	 nerve	 fiber	misprojections	 (Huang	 et	 al.,	 2006,	 2011).	 In	bel	homozygous	 larvae,	 a	 variable	
fraction	of	retinal	ganglion	cell	(RGC)	axons	(optic	nerve	fibers)	misroute	in	the	optic	chiasm	and	project	to	the	
wrong	brain	hemisphere.	In	wild	type	(wt)	larvae,	all	optic	nerve	fibers	project	contralaterally	forming	a	crossed	





OKR,	 we	 formulated	 the	 hypothesis	 that	 axonal	 misrouting	 in	 achiasmatic	 larvae	 results	 in	 a	 positive	 visuo‐
ocular	motor	feedback	loop,	which	increases	the	velocity	of	a	moving	visual	stimulus	on	the	retina	(called	retinal	
slip),	thus	leading	to	the	observed	ocular	motor	instability	in	stable	visual	surround	(Rick	et	al.,	2000;	Huang	et	
al.,	 2006).	 Patients	 often	 show	 misprojection	 of	 a	 portion	 of	 optic	 nerve	 fibers	 (Jeffery,	 1997)	 and	 display	
complex	OKRs	 (Collewijn	et	al.,	1985).	We	speculate	 that	 the	proportions	of	 correct	and	 incorrect	optic	nerve	
fiber	 projections	 could	 be	 a	 key	 factor	 in	 determining	 the	 ocular	motor	 phenotype	 in	 each	 individual.	 In	 this	










in	 days	 postfertilization	 (dpf).	 bel	 (beltv42)	 homozygous	 larvae	 were	 obtained	 from	 mating	 of	 identified	




The	 OKR,	 a	 compensatory	 ocular	 motor	 reflex	 evoked	 by	 a	 moving	 visual	 environment,	 was	 elicited	 in	 a	
similar	way	 as	 described	 previously	 (Rinner	 et	 al.,	 2005;	 Huang	 et	 al.,	 2006).	 Briefly,	 larvae	were	 embedded	
dorsal‐up	 in	 the	 center	 of	 a	 35	mm	diameter	 Petri	 dish	 containing	 prewarmed	 (28°C)	 3%	methylcellulose	 to	
constrain	whole‐body	movement	without	 significantly	 affecting	 eye	movement.	 Using	 an	 LCD	projector	 (PLV‐
Z3000;	 Sanyo),	 a	 computer	 generated	 visual	 stimulus	 was	 projected	 via	 a	 wide‐angle	 conversion	 lens	 and	 a	
mirror	 to	 the	 internal	 walls	 of	 a	 paper	 drum	 (diameter	 =	 9	 cm),	 mounted	 on	 a	 transparent	 glass	 plate.	 The	
embedded	 larva	was	placed	 in	 the	center	of	 the	drum	and	was	 illuminated	 from	below	with	 infrared	emitting	





used	 for	 analysis.	 For	 SOs	 stimulation,	 one	 eye	 was	 exposed	 during	 5	 min	 with	 black	 and	 white	 stationary	
gratings	with	the	same	contrast	and	spatial	frequency	as	described	above.	
4.3.3 Eye	movement	recording	and	analysis	
During	 visual	 stimulation,	 binocular	 eye	 movements	 were	 recorded	 by	 an	 infrared‐sensitive	 CCD	 camera	
(Guppy	F‐038B	NIR;	Allied	Vision	Technologies).	Frames	were	processed	simultaneously	by	custom‐developed	
software	 based	 on	 Lab‐	 View	 2009	 and	 NI	 Vision	 Development	 Module	 2009	 (National	 Instruments)	 with	 a	





























were	 dark	 adapted	 for	 30	min.	 For	 recording,	 a	 reference	 electrode	was	 placed	 on	 a	 sponge	 soaked	with	 E3	















The	 bel	 mutant	 was	 first	 identified	 in	 a	 large‐scale	 screening	 of	 mutations	 affecting	 optic	 nerve	 fiber	
pathfinding	(Karlstrom	et	al.,	1996).	It	carries	a	recessive	mutation	in	the	zebrafish	lhx2	homolog,	a	Lim	domain	
homeobox	 transcription	 factor	 involved	 in	 neural	 development,	 including	 midline	 axon	 guidance	 and	 eye	
morphogenesis	 (Seth	 et	 al.,	 2006).	 bel	 mutants	 show	 variable	 morphological	 eye	 defects,	 optic	 nerve	 fiber	
misprojections,	 and	 an	 abnormal	 pigmentation	 near	 the	 lens,	 which	 causes	 the	 pupil	 to	 appear	 enlarged	
(Karlstrom	et	al.,	1996;	Seth	et	al.,	2006).	
4.4.1 The	optic	nerve	projection	and	optokinetic	phenotypes	in	bel	mutants	
In	wt	 larvae,	all	optic	nerve	fibers	project	contralaterally	 forming	a	completely	crossed	optic	chiasm.	 In	bel	
mutants,	 the	extent	of	 the	optic	nerve	misrouting	phenotype	 is	highly	variable	even	within	one	clutch	of	eggs.	
Some	 bel	 larvae	 have	 contralateral	
projections	 like	 seen	 in	 wt	 (Fig.	 4.1A).	
The	 remaining	 bel	 larvae	 display	
abnormal	pathfinding	of	the	optic	nerve	
fibers	at	the	chiasm.	Among	them,	some	
larvae	 display	 a	 bilateral	 projection	
with	 a	 subpart	 of	 axons	 growing	
ipsilaterally	 (Fig.	4.1B),	whereas	others	
are	 achiasmatic,	 with	 a	 completely	
ipsilateral	projection	(Fig.	4.1C)	(Rick	et	
al.,	2000).	
Larvae	 with	 contralateral	 projections	
show	 an	 OKR	 that	 is	 slightly	 reduced	
compared	with	wt	but	properly	directed	
(forward	OKR)	(Fig.	4.1D‐E).	Larvae	with	
achiasmatic	 projections	 show	 a	 reversal	
of	the	OKR	(Fig.	4.1F)	(Rick	et	al.,	2000).	
Here,	 we	 additionally	 found	 some	
homozygous	 bel	 larvae	 with	 a	 clearly	
weaker	(in	some	cases	nearly	abolished)	
OKR	 in	 terms	 of	 magnitude	 of	 eye	
velocity	 compared	with	 other	bel	 larvae	
(Fig.	4.1G).	The	magnitude	of	eye	velocity	
refers	 to	 the	 absolute	 velocity	 of	 slow	
phases,	 i.e.,	 the	 velocity	 independent	 of	
the	 direction.	 A	 weak	 OKR	 is	 often	 associated	 with	 alterations	 in	 the	 retina	 in	 both	 humans	 and	 zebrafish	




the	green	 lipophilic	 tracer	dye	DiO	 in	 the	right	eye	and	 the	red	 lipophilic	
tracer	 dye	 DiI	 in	 the	 left	 eye.	Here	 the	 projection	 from	 the	 right	 eye	 is	
shown.	Anterior	is	up.	Scale	bar,	100	µm.	Arrow	points	to	side	of	injection.	
The	wt	 larvae	as	well	 as	 some	 bel	 larvae	 have	 a	 complete	 contralateral	
projection	(A).	In	some	bel	larvae	a	variable	fraction	of	axons	misprojects	
ipsilaterally	 leading	 to	a	bilateral	projection	(B).	Finally,	some	bel	 larvae	
are	 achiasmatic	 having	 a	 complete	 ipsilateral	 projection	 (C).	 D–G,	 OKR	
sample	 traces	 of	 eye	 position	 (Se)	 during	 stimulation	 with	 horizontal	
moving	gratings	(Vs).	Some	bel	 larvae	show	a	properly	directed	OKR	(E).	









To	 investigate	whether	a	weaker	OKR	 in	terms	of	magnitude	of	eye	velocity,	as	observed	 in	a	subset	of	bel	
larvae	(see	Fig.	4.1G),	 is	 linked	to	a	particular	 form	of	optic	nerve	misrouting,	we	measured	the	OKR	behavior	
using	a	monocular	 stimulation	paradigm	and	 subsequently	 stained	with	 lipophilic	 tracer	dyes	 the	optic	nerve	
fibers	arising	from	the	stimulated	eye.	Larvae	were	grouped	according	to	their	optic	nerve	projection	phenotype	
(contralateral,	bilateral,	or	ipsilateral	projection)	and	the	OKR	SPV	was	compared	among	phenotypes	(Fig.	4.2).	
As	 expected	 from	 previous	 reports	 (Neuhauss	 et	 al.,	 1999;	 Rick	 et	 al.,	 2000),	 larvae	 with	 a	 contralateral	
projection	 displayed	 a	 forward	 OKR	 with	 a	 slightly	 reduced	 velocity,	 while	 achiasmatic	 larvae	 displayed	 a	







Box‐and‐whisker	 plot	 of	 the	 SPV	 during	monocular	
OKR	stimulation	with	moving	gratings	(7.5	deg/s)	in	
wt	(n	=	17)	and	in	bel	larvae	with	different	projection	
phenotypes	 (n	=	 17	 in	 each	 group).	A	negative	 SPV	
value	 represents	 reversal	 of	 the	OKR	 direction.	 The	
ends	of	the	whiskers	represent	the	 lowest	data	point	
within	 1.5	 interquartile	 range	 of	 the	 lower	 quartile	
and	 the	 highest	 data	 point	within	 1.5	 interquartile	
range	of	the	upper	quartile.	Circles	represent	outliers.	
A	 one‐way	 ANOVA	 showed	 that	 the	 OKR	 behavior	
differed	significantly	among	groups	of	bel	larvae	with	
different	projection	phenotypes	 (F(2,48)	=	81.007,	p	<	
0.001).	 Post	 hoc	 analysis	 using	 the	 Dunnett’s	 T3	
multiple‐comparison	 criterion	 for	 significance	
indicated	 that	 the	 average	 SPV	 was	 significantly	
closer	to	0	in	bel	larvae	with	bilateral	projections	(M	






Since	 the	SPV	 in	 larvae	with	bilateral	projections	 showed	a	high	within‐group	variability	 (see	 Fig.	 4.2),	we	
asked	whether	the	SPV	correlates	with	the	fraction	of	misprojecting	axons.	Therefore,	the	extent	of	misprojection	
from	the	stimulated	eye	was	estimated	in	each	larva	by	signal	intensity	quantification	on	both	brain	hemispheres	





was	 different	 between	 the	 two	 eyes	 (Table	 4.1).	 In	 these	 larvae	 we	 compared	 the	 correlation	 between	 the	
fraction	of	misprojecting	fibers	and	SPV	separately	for	each	eye	being	stimulated.	Within	the	same	subject,	the	


















	 St.eye	 %	mispr.	 SPV	[deg/s]	
Larva	nr	1	 Right	 91 ‐2.19	
	 Left	 100 ‐3.40	
Larva	nr	2	 Right	 67 ‐0.77	
	 Left	 94 ‐3.49	
Larva	nr	3	 Right	 75 ‐1.30	
	 Left	 0 	1.14	
Larva	nr	4	 Right	 0 	3.07	





previously	 reported	about	SOs	 in	 the	presence	of	 stationary	gratings	 in	a	 subset	of	bel	 larvae	with	a	 reversed	
OKR	and	presumed	achiasmia	(Huang	et	al.,	2006).	Here,	we	correlate	the	SOs	with	a	quantitative	extent	of	optic	
nerve	fiber	misprojection.		






occurrence	 of	 SOs	during	 fixation	of	 a	 stationary	 background.	 Figure	 4.4C	 shows	 the	 correlation	 between	 the	
duration	of	SOs	and	SPV	and	between	the	duration	of	SOs	and	the	projection	phenotype	of	optic	nerve	fibers.	The	
wt	larvae	and	bel	 larvae	with	a	contralateral	projection	never	displayed	SOs.	We	did	not	observe	SOs	in	larvae	
with	 a	 forward	 OKR,	 either.	 In	 contrast,	 both	 larvae	 with	 bilateral	 and	 completely	 ipsilateral	 projections	













positive	 linear	 correlation	with	 the	 reversed	OKR	 (R2	 =	 0.52;	 F(1,21)	 =	 22.56,	 p	 <	 0.001).	 Line	 of	 best	 fit	 and	 individual	 95%	
confidence	interval	are	shown.	Line	of	best	fit	was	only	defined	for	SPV	<	0,	since	larvae	with	SPV	>	0	never	displayed	SOs.	
	
4.4.5 Additional	 visual	 defects	 in	 bel	mutants	 do	 not	 correlate	with	 the	 ocular	motor	
behavior	
Although	our	data	 show	a	very	 strong	 correlation	between	 the	 fraction	of	misprojecting	optic	nerve	 fibers	





a	more	 severe	 general	 eye	 phenotype.	 Thus,	 larvae	with	more	misprojecting	 axons	 could	 as	 well	 have	more	













in	 the	OKR	 (Emran	 et	 al.,	 2007).	 To	 exclude	 any	 correlation	 between	 putative	 functional	 defects	 in	 the	 outer	
retina	 and	 ocular	 motor	 instabilities,	 we	 first	 quantified	 the	 OKR	 SPV	 of	 each	 larva	 during	 monocular	 OKR	
stimulation	and	subsequently	recorded	the	ERG	from	the	stimulated	eye.	Larvae	were	classified	according	to	the	
SPV	and	the	b‐wave	amplitude	was	compared	between	groups.	The	b‐wave	amplitude	was	significantly	reduced	





























larva	we	 first	measured	 the	 SPV	 during	 binocular	 optokinetic	 stimulation.	 Then	we	 quantified	 the	 OMR	 (see	






the	 tank	 after	 the	 trial),	 only	 a	 slight	 reduction	 in	 performance	 was	 observed	 compared	 with	 wt	 (data	 not	
shown).	These	results	suggest	a	slight	deficiency	 in	perceiving	and	processing	 forward	motion	 in	bel	mutants.	











Fig.	 4.1)	 and	 an	 effect	 on	 the	 ocular	 motor	 phenotype	 when	 a	 few	 optic	 nerve	 fibers	 are	 misrouted.	 To	
understand	 this	 effect,	 we	 performed	 an	 in‐depth	 correlation	 study	 between	 the	 extent	 of	 optic	 nerve	
misprojection	and	the	ocular	motor	phenotype.	Our	data	not	only	give	new	insights	into	the	pathomechanisms	








We	 show	 that	 the	 OKR	 efficiency	 is	 directly	 correlated	 with	 the	 extent	 of	 optic	 nerve	 misrouting	 with	 a	





zebrafish	 a	 moving	 visual	 input	 triggers	 movement	 of	 the	 eyes	 in	 the	 same	 direction	 via	 the	 contralaterally	
located	OKR	integration	network	(OIN;	Fig.	4.6A).	This	negative	feedback	loop	reduces	retinal	slip.	In	achiasmatic	
larvae	 the	visual	 input	 signal	 is	 fed	 to	 the	 ipsilaterally	 located	OIN	and	 is	 therefore	 interpreted	as	originating	
from	 the	 opposite	 eye.	 A	 stimulation	 of	 the	 left	 eye	 with	 horizontal	 clockwise	 rotating	 gratings	 triggers	 a	
temporal	to	nasal	movement	of	the	eyes.	Since	the	information	is	interpreted	as	originating	from	the	right	eye	in	
an	achiasmatic	larva,	temporal	to	nasal	corresponds	to	counterclockwise	rotation	so	that	the	eyes	will	move	in	













movement	 in	the	direction	of	the	stimulus	(gray	arrow	around	the	eye).	The	other	eye	 is	driven	 in	the	same	direction	(dashed	
arrow).	B–E,	With	an	increasing	amount	of	misprojection,	more	signal	is	sent	to	the	ipsilateral	OIN,	leading	to	transmission	of	






small	 subset	 of	 RGCs	 to	 be	 involved	 in	 the	 OKR.	 Since	 we	 stained	 the	 complete	 optic	 nerve,	 the	 correlation	
between	OKR	phenotype	and	extent	of	misprojection	in	the	general	RGC	population	is	surprisingly	strong.	This	
can	be	explained	by	the	fact	that	terminals	of	misprojecting	axons	are	found	at	different	arborization	locations	
and	 topographic	 arborization	 of	 RGC	 axons	 is	 maintained	 in	 bel	 mutants	 (Karlstrom	 et	 al.,	 1996).	 Thus	
misprojecting	axons	can	originate	from	everywhere	in	the	retina	and	the	amount	of	misprojection	in	the	whole	
population	 reflects	 quite	 well	 the	 amount	 of	 misprojection	 within	 the	 subclass	 of	 RGCs	 involved	 in	 the	 OKR	
circuit.	
4.5.2 Extent	 of	 the	 OKR	 reversal	 correlates	 with	 the	 occurrence	 of	 spontaneous	
oscillations	




In	 zebrafish	 optic	 nerve	 fibers	 pathfinding	 and	 arborization	 are	 completed	 before	 visual	 experience	 and	








1980).	 We	 can	 exclude	 this	 in	 bel	mutants	 because	 in	 most	 cases	 the	 OKR	 had	 its	 own	 characteristics	 with	
















movement	 as	 a	 reaction	 to	 changes	 in	 illumination	 (data	 not	 shown).	 This	 is	 also	 true	 for	bel	 larvae	with	 an	
abolished	OKR.	Moreover,	general	visual	impairment	is	present	homogenously	in	all	bel	larvae,	regardless	of	the	
ocular	motor	phenotype.	Therefore,	we	can	assume	that	 INS‐like	 findings	 in	zebrafish	are	caused	by	 the	optic	
nerve	fibers	misrouting.	
4.5.4 Significance	for	the	debate	on	the	etiology	of	INS	in	humans	
The	 mechanisms	 underlying	 INS	 are	 still	 under	 debate.	 Approaches	 using	 mathematical	 models	 support	
possibilities	 that	 range	 from	 an	 essentially	 motor	 defect	 (Harris,	 1995;	 Broomhead	 et	 al.,	 2000;	 Jacobs	 and	
Dell’Osso,	 2004)	 to	 a	 clearly	 sensory	 driven	 pathology	 (Optican	 and	 Zee,	 1984;	 Tusa	 et	 al.,	 1992).	 Another	
hypothesis	states	that	INS	is	a	developmental	disorder	triggered	by	any	event	that	disturbs	either	calibration	of	
visual	 feedback	 loops	 (Tusa	 et	 al.,	 2002;	 Harris	 and	 Berry,	 2006a,	 b;	 Dell’Osso,	 2006)	 or	 regulation	 of	
innervations	during	early	development	 (Berg	et	al.,	 2012).	Here,	we	 show	 that	 INS	 in	 zebrafish	has	a	 sensory	
origin,	being	triggered	by	optic	nerve	fiber	misrouting.	The	association	of	INS	with	visual	pathway	abnormalities	
in	 a	 subset	 of	 human	patients	 (e.g.,	 in	 albinism)	 suggests	 that	 optic	 nerve	misrouting	may	 indeed	 trigger	 the	
pathology	in	a	similar	way	in	those	patients.	However,	the	observation	of	SOs	only	in	larvae	with	an	OKR	reversal	
is	in	contrast	with	reports	in	albino	humans	and,	most	recently,	in	hypopigmented	mice	(Collewijn	et	al.,	1985;	
Traber	et	 al.,	2012).	 Interestingly,	 in	 the	hypopigmented	mouse	model	 the	OKR	became	reversed	 if	 the	visual	
stimulation	was	restricted	to	the	temporal	retina	only,	where	most	misrouting	occurs	(Traber	et	al.,	2012).	This	
suggests	 that	 a	 reversal	 of	 the	 OKR	 could	 also	 be	 elicited	 in	 subjects	 with	 only	 a	 limited	 fraction	 of	 axons	
misprojecting	 if	only	that	very	part	of	 the	retina	 is	stimulated	from	where	those	misrouted	axons	originate.	 In	
contrast,	a	full‐field	stimulation	of	the	OKR	in	a	laboratory	setting,	as	is	now	routinely	performed,	stimulates	all	
optic	 nerve	 fibers.	 Together,	 our	 data	 combined	 with	 findings	 in	 other	 models	 suggest	 that,	 during	 early	
development,	optokinetic	stimulation	of	retinal	regions	from	where	misrouting	axons	originate	increases	retinal	





zebrafish	 INS	model.	 The	 use	 of	 larval	 zebrafish	 enables	 us	 to	 study	 the	 triggering	mechanisms	 without	 the	
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Purpose:	 Infantile	 nystagmus	 syndrome	 (INS)	 is	 characterized	 by	 involuntary	 eye	 oscillations	 that	 can	
assume	 different	 waveforms.	 Previous	 attempts	 to	 uncover	 reasons	 for	 the	 presence	 of	 several	 nystagmus	
waveforms	 have	 not	 led	 to	 a	 general	 consensus	 in	 the	 community.	 Recently,	 we	 characterized	 the	 zebrafish	
mutant	belladonna	(bel),	in	which	INS‐like	ocular	motor	abnormalities	are	caused	by	misprojection	of	a	variable	
fraction	 of	 optic	 nerve	 fibers.	Here,	we	 study	 the	 intrinsic	 and	 extrinsic	 factors	 influencing	 the	 occurrence	 of	
different	waveforms	in	bel.	


















characterized	by	 involuntary	 conjugate,	predominantly	horizontal	 oscillations	of	 the	 eyes	 (Gresty	 et	 al.,	 1984;	
Maybodi,	 2003)	 which	 can	 have	 a	 severe	 effect	 on	 occupational	 and	 social	 functioning	 (Pilling	 et	 al.,	 2005;	
McLean	et	al.,	2012).	The	prevalence	 is	approximately	2	per	1000	 individuals	(Sarvananthan	et	al.,	2009).	Eye	
oscillations	 can	 display	 pendular	 or	 jerk	 waveforms.	 Pendular	 nystagmus	 is	 a	 sinusoidal	 oscillation,	 jerk	
nystagmus	is	characterized	by	accelerating	slow	drifts	and	fast	resetting	phases	(saccades).	Although	INS	can	be	
idiopathic,	it	is	often	associated	with	visuo‐sensory	abnormalities	such	as	fovea	hypoplasia,	misprojecting	optic	
nerve	 fibers,	 and	 aniridia	 (Khanna	 and	Dell'Osso,	 2006).	 Attempts	 to	 cluster	 INS	 according	 to	 the	 underlying	
condition	 and	 the	 eye	 oscillation	 characteristics	 in	 patients	 have	 led	 to	 contradictory	 conclusions	 (Abadi	 and	
Dickinson,	1986;	Hertle	and	Dell'Osso,	1999;	Abadi	and	Bjerre,	2002;	Thomas	et	al.,	2008;	Kumar	et	al.,	2011),	
mainly	 due	 to	 the	 variety	 of	 concomitant	 conditions.	 Mathematical	 models,	 developed	 to	 generate	 common	
waveforms,	may	be	able	to	simulate	recorded	data	of	human	eye	movements,	but	they	do	not	necessarily	signify	








oscillations	 with	 the	 same	 diagnostic	 waveforms	 reported	 in	 humans	 (Dell'Osso	 and	 Daroff,	 1975;	
CEMASWorkingGroup,	 2001;	 Huang	 et	 al.,	 2011;	 Huber‐Reggi	 et	 al.,	 2012).	 Here,	 we	 investigate	whether	 the	
occurrence	 of	 different	 waveforms	 varies	 among	 bel	 individuals,	 thus	 reflecting	 different	 morphological	










days	 post‐fertilization	 (dpf).	 bel	 (beltv42)	 homozygous	 larvae	 were	 obtained	 from	 mating	 of	 identified	






Larval	 eye	movements	were	 elicited	 as	 described	previously	 (Huber‐Reggi	 et	 al.,	 2012;	Huber‐Reggi	 et	 al.,	





















condition	 on	 the	 occurrence	 of	 each	 waveform	 was	 analyzed	 using	 paired	 t‐tests	 after	 transformation	 of	
percentage	data	 using	 the	 formula	 sinିଵ √ݔ,	where	 x	 is	 the	 experimental	 data	 expressed	 as	 percentage.	 Since	
orbital	position	data	were	not	normally	distributed	(Kolmogorov‐Smirnov	test),	the	relationship	between	orbital	
position	and	nystagmus	waveform	was	analyzed	in	each	larva	using	non	parametric	tests,	i.e.	Mann‐Whitney	U	







Nystagmus	 in	 bel	 mutants	 matches	 the	 diagnostic	 waveforms	 of	 INS	 described	 by	 Dell’Osso	 and	 Daroff	
(Dell'Osso	and	Daroff,	1975;	Huang	et	al.,	2011).	For	quantification	of	waveforms	occurrence,	we	grouped	them	
into	 3	 main	 categories	 ‐	 pendular	 nystagmus,	 unidirectional	 jerk	 and	 bidirectional	 jerk	 ‐	 depending	 on	 the	
presence	 and	 direction	 of	 intercalated	 saccades	 (Fig.	 5.1A).	 Pendular	 nystagmus	 is	 a	 sinusoidal	 oscillation	
without	 saccades.	 The	 absence	 of	 saccades	 is	 verified	by	 examining	 the	 eye	 velocity	 trace.	Unidirectional	 jerk	
consists	of	cycles	of	accelerating	slow	phases	in	one	direction	and	breaking	saccades	in	the	opposite	direction.	
Bidirectional	 jerk	consists	of	cycles	 in	alternating	direction	of	 slow	phases	and	saccades.	Saccades	are	seen	as	
spikes	 in	 the	 eye	 velocity	 trace	 either	 always	 in	 the	 same	 direction	 (unidirectional	 jerk)	 or	 in	 alternating	
direction	(bidirectional	jerk).	
5.4.2 Co‐occurrence	of	multiple	waveform	categories	in	single	larvae	
To	 investigate	 whether	 individual	 larvae	 show	 single	 or	multiple	 waveform	 categories,	 we	 quantified	 the	
occurrence	of	waveform	categories	during	eye	movement	recordings	in	individual	larvae	with	OKR	ranging	from	








Waveforms	 of	 different	 categories	 occurred	 over	 time	 within	 the	 same	 larva	 and	 all	 three	 waveform	
categories	co‐occurred	 in	16	out	of	20	 larvae	(Fig.	5.2).	Hence,	classical	waveform	categories	are	not	useful	as		
predictors	of	specific	morphological	phenotypes.	
In	 5	 out	 of	 20	 larvae	 some	 cycles	 of	 unidirectional	 jerk	 with	 decelerating	 slow	 phases	 were	 observed.	








Movements	 of	 the	 right	 eye	 in	 the	 presence	 of	 a	 stationary	 grating	 pattern.	 A	 higher	 value	 on	 the	 y‐axis	 indicates	 a	more	
temporal	position.	A,	Representative	eye	position	traces	(Se	(deg))	are	shown	together	with	corresponding	eye	velocity	traces	(Ve	
(deg/s)).	Arrows	in	the	eye	velocity	trace	indicate	saccades.	B‐E,	Representative	oscillations	with	waveform	change	are	shown	on	
eye	 position	 traces	 and	 their	 corresponding	 eye	 velocity	 traces.	Arrows	 indicate	 the	 time	 point	 of	waveform	 change.	 In	B,	 a	
change	from	unidirectional	jerk	to	bidirectional	jerk	is	shown:	After	a	saccade,	the	decelerating	eye	increases	its	velocity	again	







A	 stationary	 grating	 pattern	was	 presented	 to	 the	 full	 field	 of	 view	 of	 both	 eyes	 (binocular	 stimulation)	 during	 5	minutes.	











Next,	 we	 asked	 whether	 the	 occurrence	 of	 waveform	 categories	 is	 influenced	 by	 a	 preceding	 optokinetic	




every	 2	 s,	 is	 characterized	 by	 short	 slow	 phases	 in	 alternating	 direction	 without	 or	 with	 only	 few	 saccades.	
Unidirectional	jerk	occurred	more	often	following	a	unidirectional	OKR	than	following	a	directionally	alternating	
OKR	 (paired	 t‐test;	 t15	 =	 2.946;	 p	 =	 0.01).	 In	 contrast,	 pendular	 nystagmus	 occurred	 more	 often	 following	 a	








oscillations	 (SOs)	waveforms	were	 determined	within	a	 period	 starting	 right	 after	 the	OKR	and	 ending	when	 the	 oscillation	
discontinued.	Data	were	considered	if	SOs	lasted	for	at	least	15	seconds	without	interruption.	For	each	waveform	category,	the	
difference	 in	 occurrence	 (Δ	%	 of	period	with	 SOs)	after	a	directionally	alternating	OKR	and	after	a	unidirectional	OKR	was	
calculated	and	plotted	(mean	±	SEM;	n	=	16).	The	horizontal	dashed	line	indicates	no	difference	in	occurrence	between	the	two	
conditions.	 A	 negative	 value	 indicates	 a	 higher	 occurrence	 after	 unidirectional	OKR	 and	 a	 positive	 value	 indicates	 a	 higher	
occurrence	after	directionally	alternating	OKR.	*	p	<	0.05;	ns	p	>	0.05.	
B,	Difference	in	occurrence	of	waveform	categories	under	binocular	and	monocular	field	of	view.		
A	 stationary	 grating	 pattern	was	 presented	 during	 5	minutes.	Movements	 of	 the	 right	 eye	were	 used	 for	 analysis.	 For	 each	
waveform	category,	the	difference	in	occurrence	(Δ	%	of	period	with	SOs)	under	binocular	and	monocular	visual	field	stimulation	
was	calculated	and	plotted	 (mean	±	SEM;	n	=	20).	The	horizontal	 line	 indicates	no	difference	 in	occurrence	between	 the	 two	




were	 analyzed	 in	 each	 larva	 during	 monocular	 or	 binocular	 presentation	 of	 a	 stationary	 grating	 pattern.	







Since	waveform	 changes	 are	 observed	 under	 the	 same	 stimulus	 conditions,	 there	must	 be	 larval	 intrinsic	
factors	 that	 change	 over	 time	 and	 influence	 the	 nystagmus	 waveform.	 In	 human	 patients	 waveforms	 are	
influenced	by	the	eye	position	(Dell'Osso	and	Daroff,	1975;	Optican	and	Zee,	1984;	Abadi	and	Dickinson,	1986;	
Jacobs	and	Dell'Osso,	2004;	Dell'Osso,	2006;	Thomas	et	 al.,	 2008;	Kumar	et	 al.,	 2011).	To	 investigate	whether	
orbital	 position	 has	 an	 effect	 on	 waveforms	 in	 bel	 larvae,	 we	 recorded	 eye	 movements	 during	 monocular	
presentation	of	a	stationary	grating	pattern	and	we	measured	orbital	position	of	the	stimulated	eye	(Fig.	5.4A)	
when	 a	 period	 with	 a	 specific	 waveform	 started.	 Because	 of	 the	 high	 variation	 among	 larvae,	 the	 statistical	
significance	of	the	relationship	between	orbital	position	and	nystagmus	waveform	was	computed	separately	in	
each	larva	using	non‐parametric	tests	and	larvae	were	grouped	in	classes	according	to	the	relationship	observed.	





(Fig.	 5.4D‐E).	 In	 1	 larva	 (Class	 III)	 bidirectional	 jerk	 was	 of	 higher	 amplitude	 than	 unidirectional	 jerk	 and	
therefore	 it	 covered	a	bigger	orbital	 range	(Fig.	5.4F‐G).	 In	 the	remaining	6	out	of	13	 larvae	we	did	not	 find	a	






























Research	 on	 the	mechanisms	 underlying	 eye	 oscillations	 in	 INS	 has	 been	 based	 for	 a	 long	 time	mainly	 on	
theoretical	considerations	and	models	due	to	the	absence	of	suitable	animal	models.	Recently,	we	introduced	and	
characterized	 two	new	putative	 animal	models	 displaying	 INS‐like	 ocular	motor	 abnormalities:	 Albino	mouse	
strains	and	zebrafish	belladonna	(bel)	mutant	(Huang	et	al.,	2006;	Huang	et	al.,	2011;	Huber‐Reggi	et	al.,	2012;	




like	 behavior	 in	 bel	 is	 explained	 by	 a	 normally	 negative	 feedback	 loop	 turning	 into	 a	 positive	 loop,	 which	




eye	 oscillations	 following	 a	 reversed	OKR,	 a	 spontaneous	 saccade	 or	 starting	with	 a	 spontaneous	 eye	 drift	 of	
exponential	velocity	(see	Fig.	5.1).	
Although	 only	 one	 mechanism	 ‐	 misrouting	 of	 optic	 nerve	 fibers	 ‐	 is	 at	 the	 origin	 of	 spontaneous	 eye	
oscillations	 in	bel	mutants	 (Huber‐Reggi	 et	 al.,	 2012),	 all	 classical	 INS	waveforms	 are	 observed	 (Huang	 et	 al.,	
2011).	Our	main	aim	was	to	investigate	whether	waveform	categories	reflect	specific	morphological	phenotypes,	
which	in	bel	would	most	likely	be	the	extent	of	the	underlying	optic	nerve	projection	phenotype	(Huber‐Reggi	et	
al.,	2012).	 If	 this	holds	 true,	one	would	expect	 to	see,	depending	on	 the	underlying	phenotype,	a	predominant	
waveform	 in	 each	 individual,	 what	 could	 be	 used	 as	 a	 diagnostic	 tool.	 In	 contrast,	 we	 observed	 all	 main	
waveform	categories	co‐occurring	in	the	same	individual	in	most	cases	(16	out	of	20	larvae)	whereby	waveform	
changes	 were	 often	 observed	 without	 interruption	 of	 the	 oscillations	 (see	 Fig.	 5.2).	 These	 data	 suggest	 that	
different	waveforms	in	bel	larvae	are	not	linked	to	the	severity	of	the	underlying	morphological	phenotype	and	
may	not	be	of	diagnostic	benefit.	
Several	 factors	 may	 influence	 a	 sudden	 change	 in	 waveform	 or	 the	 relative	 occurrence	 of	 different	
waveforms.	Here,	we	 investigated	 the	 role	 of	 viewing	 conditions	 and	 observed	 a	 strong	 influence	 of	 both	 the	
properties	of	a	preceding	optokinetic	stimulus	and	the	field	of	view	(see	Fig.	5.3).	Pendular	nystagmus	was	more	
often	observed	after	a	directionally	alternating	OKR	than	after	a	unidirectional	OKR.	In	contrast,	unidirectional	




with	 only	 few	 saccades.	 In	 contrast,	 unidirectional	OKR	 and	 unidirectional	 jerk	 both	 consist	 of	 cycles	 of	 slow	
phases	 and	 resetting	 saccades.	 Our	 data	 may	 indicate	 a	 possible	 biasing	 action	 of	 a	 preceding	 OKR	 on	 the	
spontaneous	oscillation:	The	ocular	motor	system	might	tend	to	keep	the	oscillations	characteristics	when	real	
motion	 of	 the	 visual	 word	 is	 stopped	 but	 retinal	 slip	 is	 maintained	 by	 the	 positive	 feedback	 loop.		
We	observed	an	effect	of	 the	visual	 field	on	 the	 relative	 incidence	of	waveform	categories.	Unidirectional	 jerk	
occurred	more	 frequently	during	monocular	 presentation	of	 the	 stationary	pattern	 (monocular	 field	 of	 view),	
whereas	 bidirectional	 jerk	 occurred	more	 frequently	 during	 binocular	 presentation	 of	 the	 stationary	 pattern	
(binocular	 field	 of	 view).	 A	 possible	 explanation	might	 lay	 in	 the	 preferential	 direction	 of	 nystagmus.	With	 a	
monocular	field	of	view,	saccades	of	the	stimulated	eye	were	mostly	nasally	to	temporally	(N‐T)	directed,	i.e.	a	
left‐beating	 unidirectional	 jerk	 was	 more	 often	 observed	 if	 the	 left	 eye	 was	 stimulated	 with	 the	 stationary	
pattern	and	a	right‐beating	unidirectional	jerk	was	more	often	observed	if	the	right	eye	was	stimulated	(data	not	
shown).	 With	 a	 binocular	 field	 of	 view,	 both	 eyes	 were	 stimulated	 and	 they	 both	 presented	 alternately	 N‐T	
saccades	giving	rise	to	bidirectional	jerk.		





5.4).	However,	 the	effect	of	orbital	position	 in	bel	 larvae	 is	unclear	and	highly	variable.	 In	contrast	 to	humans,	
zebrafish	 larvae	 are	 afoveate	 animals	 (Lyall,	 1957)	 so	 that	 the	 effect	 of	 gaze	 may	 be	 of	 less	 importance.	






different	 subsystems	 of	 the	 ocular	 motor	 system.	 Other	 models	 reproduce	 all	 waveforms	 starting	 from	 one	
mechanism	(e.g.	(Broomhead	et	al.,	2000;	Harris	and	Berry,	2006)),	suggesting	that	waveforms	may	be	a	single	
entity	 and	 occur	 together	 in	 one	 individual	 or	 reflect	 a	 different	 severity	 of	 one	 pathological	 mechanism.	
Experimental	data	can	help	shed	light	on	which	of	those	different	modeled	mechanisms	really	occur	in	nature.		










the	 severity	 of	 the	morphological	 phenotype.	 Rather,	 they	 are	 influenced	 by	 the	 viewing	 conditions,	 e.g.	 ‐	 as	
shown	 here	 ‐	 properties	 of	 the	 preceding	 optokinetic	 stimulus,	 field	 of	 view,	 and,	 partially,	 orbital	 position.	
Waveforms	changes	under	unaltered	stimulus	properties	might	depend	on	intrinsic	factors	such	as	eye	position	
and	eye	velocity,	regulated	by	the	naturally	fluctuating	activity	of	a	neural	integrator	network	(Optican	and	Zee,	
1984)	and/or	by	 the	activity	of	 the	saccadic	 system	(Broomhead	et	al.,	2000).	Psychological	 factors,	 including	
stress,	 fatigue,	and	 level	of	attention	have	been	suggested	as	further	 influencing	factors	 in	humans	(Abadi	and	
Dickinson,	1986;	Wiggins	et	al.,	2007).		
Here,	we	only	 studied	 the	 incidence	of	waveforms	 in	 the	presence	of	 a	positive	 feedback	 loop.	We	did	not	
investigate	 the	possibility	 that	different	mechanisms	 can	 lead	 to	 the	 same	oscillations	and	we	 cannot	 exclude	




waveform	 categories	 within	 one	 individual.	 Classical	 waveforms	 did	 not	 reflect	 the	 severity	 of	 the	 disease,	
suggesting	 that	 they	 are	 unlikely	 to	 provide	 much	 diagnostic	 benefit	 for	 evaluation	 of	 the	 severity	 of	 the	
underlying	condition.	Our	findings	of	a	strong	influence	of	viewing	conditions	on	nystagmus	waveforms	suggest	
that	it	may	be	difficult	to	compare	different	studies	in	which	conditions	are	not	identical.	Our	observation	are	not	
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Postural	control	 in	vertebrates	 is	mediated	by	 inputs	originating	 from	different	sensory	systems,	 including	
the	 visual	 system.	 In	 zebrafish	 larvae,	 abnormal	 postural	 control	 has	 been	 so	 far	 associated	 with	 vestibular	




absent	 in	 complete	 darkness,	 indicating	 that	 they	 are	 visually	 driven.	 Postural	 defects	 occur	 in	 larvae	 with	
asymmetric	 innervations	 of	 retinofugal	 fibers	 to	 the	 two	 retinocipient	 brain	 hemispheres.	 The	 extent	 of	
asymmetric	 innervations	 correlates	 with	 the	 extent	 of	 postural	 instabilities.	 We	 suggest	 that	 asymmetric	

















zebrafish,	due	to	 its	small	size,	 its	 transparency,	and	fast	development.	 In	zebrafish	 larvae	 inputs	coming	from	
the	lateral	line	(a	serie	of	neuromast	hair	cells	along	the	trunk	of	the	larva	detecting	water	motion	(Coombs	et	al.,	
1988))	and	the	vestibular	system	 in	 the	 inner	ear	are	 integrated	 for	postural	control	 (Nicolson,	2005).	At	 this	
young	 age	 the	 vestibular	 system	 solely	 relies	 on	 the	 otholits	 and	 not	 on	 the	 semicircular	 canals,	 most	 likely	
because	of	 their	small	size	(Beck	et	al.,	2004).	The	well	developed	visual	system	is	 likely	 involved	too,	but	the	
effect	of	visual	input	on	postural	control	is	still	not	understood	in	zebrafish.		




1996;	Whitfield	et	al.,	1996;	Nicolson	et	al.,	1998).	Only	 in	 two	mutants	with	 impaired	postural	 control,	never	
mind	 and	macho,	 defects	 in	 ordering	 and	 topographic	mapping	 of	 optic	 nerve	 fibers	 in	 the	 tectum	have	 been	
shown	(Trowe	et	al.,	1996).	However,	the	presence	of	additional	defects,	such	as	a	missing	swim	bladder	and	a	
reduced	response	to	vibrational	stimuli,	suggests	that	the	relationship	between	locomotor	behavior	and	defects	
of	 the	 visual	 system	 is	 not	 direct	 in	 these	 mutants	 (Trowe	 et	 al.,	 1996;	 Ribera	 and	 Nusslein‐Volhard,	 1998;	
Gnuegge	 et	 al.,	 2001;	 Pineda	 et	 al.,	 2005).	 Here,	 we	 describe	 to	 our	 knowledge	 for	 the	 first	 time	 postural	
instabilities	 in	a	mutant	zebrafish	with	specific	abnormalities	 in	 the	visual	 system.	We	describe	 in	a	 subset	of	
homozygous	 belladonna	 (bel)	 mutants	 a	 similar	 swimming	 behavior	 as	 in	 mutants	 with	 vestibular	 and/or	
somatosensory	deficits.	Larvae	show	periods	of	tumbling	and	rolling	over	following	a	corkscrew‐path,	swinging	
around	 the	 body	 axis	 and	 swimming	 on	 the	 back.	 Since	 vestibular	 and	 somatosensory	 deficits	 have	 not	 been	
detected	 in	 bel,	we	 formulated	 the	 hypothesis	 that	 the	 observed	 postural	 instabilities	 are	 caused	 by	 a	 visual	
defect.	Indeed,	we	show	here	that	the	behavioral	phenotype	is	rescued	in	darkness.		
The	strongest	morphological	phenotype	in	bel	larvae	is	a	failure	of	a	variable	fraction	of	optic	nerve	fibers	to	
cross	 the	midline	 at	 the	 optic	 chiasm	 (see	 Chapters	 1	 and	 4).	 These	 fibers	misproject	 to	 the	 ipsilateral	 brain	
hemisphere	(Rick	et	al.,	2000;	Huber‐Reggi	et	al.,	2012).	In	this	study,	we	aimed	to	shed	light	on	visual‐postural	
control	by	studying	the	effect	of	misrouting	optic	nerve	fibers	on	balance.	Although	the	amount	of	misprojecting	
fibers	 is	 often	 comparable	 between	 eyes,	 in	 some	 cases	 the	 projection	 phenotype	 is	 unequally	 distributed	
(Huber‐Reggi	et	al.,	2012).	In	these	larvae	more	fibers	are	reaching	one	brain	hemisphere	than	the	other	giving	
rise	to	an	asymmetric	retinotectal	projection.	Here,	we	show	that	postural	instabilities	correlate	with	asymmetry	












days	 post‐fertilization	 (dpf).	 bel	 (beltv42)	 homozygous	 larvae	 were	 obtained	 from	 mating	 of	 identified	
heterozygous	 carriers.	 Larvae	 at	 4	 dpf	 were	 anesthetized	 with	 200	 mg/l	 3‐aminobenzoic	 acid	 ethyl	 esther	
methane	sulfonate	(MS‐222,	Sigma‐Aldrich)	and	sorted	according	to	eye	pigmentation	phenotype	(Karlstrom	et	
al.,	1996).	bel+/‐;mitfa‐/‐	fish	were	generated	by	first	outcrossing	bel+/‐	and	mitfa‐/‐	and	by	subsequently	incrossing	
the	 F1	 generation.	 bel+/‐;	 mitfa‐/‐;	 Tg(elavl3:GCamp5)	 fish	 were	 obtained	 by	 outcrossing	 mitfa‐/‐
;Tg(elavl3:GCamp5)	 and	 bel+/‐;mitfa‐/‐	 and	 by	 subsequent	 screening	 for	 Gcamp5	 expression	 in	 the	 developing	
brain.	
6.3.2 Analysis	of	swimming	behavior	
Larvae	 were	 placed	 in	 a	 6	 cm	 diameter	 dish	 filled	 with	 10	 ml	 E3	 medium.	 The	 swimming	 behavior	 was	
analyzed	 during	 5	minutes	 episodes	 and	 time	 spent	 displaying	 postural	 instabilities	was	 quantified.	 Postural	
instabilities	were	 defined	 as	 tumbling,	 rolling	 over	 and	 swinging	 around	 the	 body	 axis	 during	 swimming	 and	
swimming	on	the	back.	Larvae	without	inflated	swim	bladder	or	not	swimming	were	not	considered.		










To	 label	optic	nerve	 fibers,	 larvae	were	 fixed	 in	4%	paraformaldehyde	 in	PBS	overnight.	For	 lipophilic	dye	
injection,	the	fish	were	embedded	dorsal‐up	in	1.5%	low	melting	agarose	(Nu	Sieve	GTG	Agarose,	Lonza)	in	PBS	
on	a	glass	slide.	Solutions	of	DiO	(Molecular	Probes)	and	DiI	(Molecular	Probes)	(both	1	%	in	chloroform)	were	




Leica	 HCS	 LSI	 confocal	 microscope	 (Leica	 Microsystems).	 Signal	 intensities	 were	 measured	 using	 ImageJ	
(MacBiophotonics).	 The	 extent	 of	 projection	 to	 each	 hemisphere	 and	 the	 resulting	 asymmetry	 index	 were	
quantified	as	described	in	Fig.	6.3.		
6.3.4 Statistical	analysis	





















20‐40	ms	 pulse	 time)	with	 a	 pneumatic	 Pico	 Pump	 (PV820,	World	 Precision	 Instruments)	 between	 lens	 and	
retina	using	glass	capillaries.	After	injection,	larvae	were	incubated	at	28°C	in	E3	medium	for	at	least	20	h	before	
re‐embedding	 in	 1.5	%	 low‐melting	 agarose	 in	 a	 35	mm	 Petri	 dish	 for	microscopy.	Microscopy	 images	were	
obtained	using	a	fluorescence	widefield	microscope	(BX61,	Olympus).	
6.3.7 Visual	stimulation	and	calcium	imaging	
Images	 of	 CGD	 or	 GCaMP5	 fluorescence	were	 acquired	 at	 4	Hz	 using	 a	 fluorescence	widefield	microscope	




For	 visual	 stimulation,	 movies	 were	 projected	 by	 a	 laser	 pico‐projector	 (ShowWX+,	 Microvision)	 onto	 a	
miniature	 screen	made	 of	 a	 blotting	 paper	 and	 a	 coverslip	 and	 placed	 2	 cm	 away	 from	 the	 larva’s	 eye.	 The	
computer‐generated	 stimulus	 (Straw,	 2008)	 was	 either	 a	 moving	 black	 and	 red	 sine‐wave	 grating	 pattern	
(spatial	frequency	of	12	cycles/screen	width,	temporal	frequency	of	1	Hz),	or	a	moving	red	bar	(10	pixels	width,	
temporal	 frequency	 of	 1	 Hz),	 or	 50	moving	 red	 random	 dots	 (diameter	 of	 20	 pixel,	 velocity	 of	 20	 pixels/s),	
presented	for	1	s	with	a	8	s	interstimulus	interval.	






Some	bel	 homozygous	 larvae	displayed	postural	 instabilities,	best	described	as	 spinning	behaviors	 such	as	
tumbling,	 rolling	 over	 on	 a	 corkscrew‐like	 path	 and	 swinging	 along	 the	 longitudinal	 body	 axis	 (Fig.	 6.1).	
Sometimes,	larvae	were	swimming	on	their	side	or	on	the	back.		
This	spinning	behavior	resembles	the	swimming	path	observed	 in	vestibular	mutants	(e.g.	 (Whitfield	et	al.,	
1996,	Nicolson	 et	 al.,	 1998))	 and	differs	 from	 the	previously	 described	 looping	behavior	 in	 another	 subset	 of	
homozygous	bel	larvae	(Huang	et	al.,	2009).	Looping	is	defined	as	swimming	in	circles	around	an	axis	centered	
































Swimming	 behavior	was	 recorded	with	 an	 infrared	 sensitive	 camera	 during	 5	minutes	 for	 each	 condition.	 Infrared‐emitting	
diodes	were	 shielded	 by	 an	 infrared‐pass	 filter	with	 cutoff	 at	 1000	 nm.	 Graphs	 show	means	 ±	 SEM	 of	 period	with	 postural	
instabilities	(A),	respectively	of	period	spent	swimming	(B).	A,	quantification	of	time	spent	with	abnormal	swimming	behavior	by	
bel	 larvae	with	postural	 instabilities	 (n	=	9)	 in	 the	presence	of	a	 light	 source	and	 in	darkness.	**	p	=	0.009	 (paired	 t‐test).	B,	
quantification	of	time	spent	swimming	(n	=	9)	in	the	presence	of	a	light	source	and	in	darkness.	p	=	0.215	(paired	t‐test).	
	




(Huber‐Reggi	 et	 al.,	 2012).	 In	 wt	 larvae	 as	 well	 as	 in	 some	 bel	 larvae,	 all	 optic	 nerve	 fibers	 project	 to	 the	
contralateral	brain	hemisphere.	In	the	remaining	bel	 larvae	fibers	of	the	optic	nerve	fail	to	cross	the	midline	at	
the	 optic	 chiasm.	 Some	 of	 these	 larvae	 show	 a	 complete	 ipsilateral	 projection,	 some	 others	 show	 a	 bilateral	
projection	 with	 a	 subpart	 of	 axons	 growing	 ipsilaterally.	 In	 chapter	 4,	 we	 showed	 that	 the	 amount	 of	
misprojecting	optic	nerve	fibers	determines	the	ocular	motor	phenotype	(Huber‐Reggi	et	al.,	2012).	Analogously,	
misprojecting	 optic	 nerve	 fibers	 could	 influence	 postural	 control.	 To	 test	 this	 hypothesis,	 we	 first	 analyzed	
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so	 that	 the	 proper	 amount	 of	 afferents	 is	 reaching	 each	 hemisphere	 (Fig.	 6.3B).	 Based	 on	 the	 preliminary	
observation	of	 an	accumulation	of	 larvae	with	bilateral	projections	among	 those	 that	 are	 affected	by	postural	




instabilities.	bel	 larvae	with	postural	 instabilities	displayed	a	 significantly	 stronger	asymmetry	 than	bel	 larvae	
with	normal	posture	(Mann‐Whitney	U	Test,	p	=	0.003)	(Fig.	6.3D).	Additionally,	we	compared	larvae	displaying	
some	 swinging	 around	 the	 longitudinal	 body	 axis	 but	 otherwise	 swimming	 normally	 with	 larvae	 displaying	
complete	 tumbling	around	 the	 longitudinal	 axis	as	 shown	 in	Fig.	1.	The	 latter	 showed	a	 significantly	 stronger	
asymmetry	 (Mann‐Whitney	 U	 Test,	 p	 =	 0.003)	 (Fig.	 6.3E).	 Finally,	 we	 compared	 the	 period	 with	 postural	






Figure	 6.3.	 A‐C,	Maximum	 intensity	 projections	 of	 confocal	 z‐stacks	 showing	 projection	 of	 optic	 nerve	 fibers	 in	 bel	
larvae.		

















Summarizing,	 postural	 instabilities	 were	 more	 severe	 and	 occurred	 more	 often	 in	 larvae	 with	 a	 more	
asymmetric	 distribution	 of	 retinal	 afferents	 in	 the	 two	 brain	 hemispheres.	 Based	 on	 these	 observations,	 we	








More	optic	nerve	 fibers	 (green	and	magenta)	reach	one	brain	hemisphere	 (in	 this	case	 the	right	hemisphere).	Because	of	 the	
higher	amount	of	 fibers,	more	neuronal	 input	reaches	the	neuronal	cells	 in	the	right	hemisphere	upon	visual	stimulation.	As	a	




responses	 on	 the	 two	 body	 sides	 of	 bel	 larvae	 using	 calcium	 imaging.	 Towards	 this	 aim,	 we	 worked	 at	
establishing	this	technique	in	our	laboratory.	In	the	next	section	of	this	chapter	I	summarize	the	principal	steps.	
6.4.4 Toward	a	working	method	for	quantification	of	neuronal	activity	by	calcium	imaging	
Neuronal	activity	 is	coupled	with	an	 influx	of	calcium	ions	 in	 the	cell	body	and	in	the	presynaptic	boutons,	
thus	with	an	increase	in	the	cytosolic	calcium	concentration	that	can	be	indirectly	visualized	and	quantified	by	
means	of	calcium	indicators.	Calcium	indicators	are	synthetic	or	genetically	expressed	fluorescent	molecules	that	
increase	 their	 fluorescence	upon	binding	 to	calcium	 ions.	Thus,	 calcium	 flux	can	be	 translated	 into	changes	 in	
fluorescence	 intensity	 and	 the	 neuronal	 activity	 can	 be	 visualized	 (Gobel	 and	 Helmchen,	 2007).	 Changes	 in	
fluorescence	intensity	are	recorded	by	time‐lapse	microscopy	whereby	confocal	or	multiphoton	instruments	are	
preferred	 if	 single	 cell	 resolution	 has	 to	 be	 achieved,	 e.g.	 to	 unravel	 single	 cells	 participating	 in	 a	 specific	
neuronal	 circuit.	However,	 a	widefield	approach	may	be	advantageous	 if	broad	 regions	of	neuronal	activation	
have	 to	be	determined,	as	performed	recently	by	Muto	and	colleagues	 (Muto	et	al.,	2013).	During	my	 thesis,	 I	
worked	 on	 the	 implementation	 of	 a	 working	 method	 for	 calcium	 imaging	 during	 visual	 stimulation	 using	 a	
widefield	approach	and	I	tested	different	ways	to	label	neurons.	For	a	better	visualization	of	calcium‐dependent	




one	 cell	 of	an	embryo	at	 the	4‐cells‐stage	 leading	 to	a	mosaic	 of	 labeled	and	unlabeled	 cells	 in	 the	 larva.	This	


















An	 emerging	 alternative	 to	 synthetic	 dyes	 are	 genetically	 encoded	 calcium	 indicators	 (GECIs).	 GECIs	 are	
calcium‐sensitive	 fluorescence	 proteins	 that	 are	 expressed	 homogenously	 in	 a	 subset	 of	 cells	 in	 transgenic	
animals	 by	 means	 of	 specific	 promoters.	 Although	 less	 sensitive	 than	 synthetic	 indicators,	 GECIs	 have	 many	
advantages	 regarding	 stability	 and	 signal	 reproducibility.	Moreover,	new	GECIs	with	 increasing	efficiency	and	
sensitivity	are	constantly	being	developed.	Here,	we	tested	GCaMP5	(Akerboom	et	al.,	2012)	‐	a	new	improved	
version	of	the	single‐wavelength	GECI	GCaMP	‐	expressed	under	the	control	of	the	pan‐neuronal	elavl3	promoter	
(formerly	 known	 as	HuC)	 (Park	 et	 al.,	 2000)	 in	 nacre	 larvae.	 GCaMP	 consists	 of	 a	 circularly	 permuted	 green	
fluorescent	protein	(cpGFP),	calmodulin	(CaM)	and	the	Ca2+/CaM‐binding	M13	peptide.	Binding	of	calcium	ions	
to	 CaM	 induce	 a	 conformational	 change	 of	 cpGFP,	 increasing	 its	 fluorescence	 (Nakai	 et	 al.,	 2001).	 In	 Fig.	 6.5	






signal	 was	 performed	 during	 visual	 stimulation.	 Neuronal	 responses	 were	 measured	 as	 the	 change	 of	 mean	
fluorescence	 intensity	 in	a	manually	selected	region	of	 interest	(see	Materials	and	Methods	for	details).	Beside	




































distribution	 of	 afferents	 in	 the	 visual	 centers	 of	 the	 brain	 leads	 to	 postural	 instabilities.	 We	 proposed	 that	
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The	 phenotype	 was	 almost	 completely	 rescued	 in	 the	 dark,	 suggesting	 that	 visual	 input	 is	 not	 necessary	 to	








of	 the	 lateral	 line	could	be	easily	assessed	by	testing	 the	Vibrational	Startle	Reflex,	a	 response	to	water‐borne	
vibrations	 (Nicolson	et	al.,	1998):	Tapping	on	 the	petri	dish	causes	a	quick	escape	of	wt	 larvae.	 In	bel	mutant	
misrouting	 of	 optic	 nerve	 fibers	 has	 been	 well	 characterized.	 A	 whole‐mount	 antibody	 staining	 against	
acetylated‐tubulin	would	 allow	 to	 visualize	 all	 axon	 tracts	 in	 order	 to	 rule	out	misrouting	of	 additional	 fibers	
throughout	the	brain,	which	‐	on	a	theoretical	basis	‐	could	play	a	role	in	postural	control.	
The	conceptual	model	described	above	could	be	confirmed	by	calcium	imaging	experiments	with	the	newly	
generated	 fish	 line	 bel+/‐;	mitfa‐/‐;	Tg(elavl3:GCamp5).	 The	 intensity	 of	 neuronal	 input	 reaching	 the	 two	 brain	
hemispheres	 can	 be	 quantified	 by	 measuring	 the	 change	 in	 mean	 fluorescence	 in	 the	 tectal	 neuropil	 upon	
binocular	 visual	 stimulation.	 If	 our	model	 holds	 true,	 we	 expect	 to	 see	 a	 symmetric	 distribution	 of	 neuronal	
activity	 between	 the	 two	 neuropils	 in	 a	 wt	 larva	 but	 more	 activity	 in	 one	 neuropil	 in	 larvae	 with	 postural	
instabilities.	The	intensity	of	neuronal	output	can	be	quantified	by	measuring	the	change	in	mean	fluorescence	
after	visual	 stimulation	 in	 the	 tectal	 cells	 and	 in	 the	hindbrain.	The	circuit	 involved	 in	postural	 control	 is	 still	
unknown,	but	several	neurons	in	the	hindbrain	projecting	to	the	spinal	cord	drive	basic	motor	patterns	(Orger	et	
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A	 central	 goal	 of	 neuroscience	 is	 to	 understand	 sensory	 motor	 transformation:	 How	 sensory	 inputs	 are	
integrated	and	decoded	by	higher	brain	functions	to	produce	an	appropriate	behavior	in	real	time.	Two	forms	of	
sensory	 information	 can	be	distinguished:	An	exafferent	 signal	 carrying	 information	about	 the	 external	world	













an	 appropriate	 motor	 output	 (Nevin	 et	 al.,	 2010),	 thus	 perturbation	 of	 its	 wiring	 mechanisms	 may	 help	
understanding	how	visual	inputs	are	integrated	to	produce	a	motor	behavior.	In	the	zebrafish	mutant	belladonna	





and	 other	 commissures	 seem	 to	 project	 normally	 (Karlstrom	 et	 al.,	 1996).	 Thus,	 the	 effect	 of	 retinotectal	
miswiring	on	sensory	motor	control	can	be	studied	directly.	
In	 this	 thesis,	 we	 performed	 correlation	 studies	 between	 different	 retinotectal	 projection	 phenotypes	 and	
motor	behavior	in	bel	larvae.	In	Chapter	4	we	demonstrated	that	projection	of	the	optic	nerve	fibers	to	the	wrong	
brain	 hemisphere	 affects	 ocular	 motor	 behavior.	 Misprojection	 of	 some	 fibers	 leads	 to	 a	 reduction	 of	 the	
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optokinetic	 response	 (OKR)	 and	misprojection	 of	 the	majority	 of	 fibers	 leads	 to	 a	 reversal	 of	 the	OKR.	 Those	
results	confirmed	our	previously	 formulated	hypothesis	 that	optic	nerve	misrouting	 to	 the	wrong	hemisphere	
turns	a	negative	feedback	loop	that	would	aim	at	stabilizing	a	moving	environment	on	the	retina,	into	a	positive	
feedback	loop	which	increases	motion	perception	(Rick	et	al.,	2000;	Huang	et	al.,	2006).	Probably	because	of	the	
positive	 feedback	 loop,	 larvae	 in	 which	 the	 majority	 of	 fibers	 are	 misprojecting	 display	 spontaneous	 eye	
oscillations	(SOs)	in	the	absence	of	a	moving	environment,	a	landmark	of	Infantile	Nystagmus	Syndrome	(INS).	
INS	is	a	congenital	human	disorder	characterized	by	involuntary	conjugate	and	mostly	horizontal	oscillations	of	
the	 eyes,	 often	 accompanied	 by	 a	 poorly	 formed	 or	 even	 reversed	 OKR	 (CEMASWorkingGroup,	 2001).	 The	
etiology	 of	 INS	 is	 still	 poorly	 understood	 but	most	 likely	many	mechanisms	 can	 lead	 to	 SOs.	We	 presented	 a	
mechanism	that	leads	to	SOs	in	zebrafish	and	that	could	play	a	role	in	human	patients	as	well,	since	optic	nerve	
pathfinding	 errors	 have	 been	 observed	 in	 some	 patients	 (McCarty	 et	 al.,	 1992;	 Apkarian	 et	 al.,	 1994;	 Jeffery,	
1997;	van	Genderen	et	al.,	2006).	SOs	in	bel	closely	resemble	oscillations	in	human	patients	and	assume	the	same	





In	Chapter	6,	we	described	the	effect	of	asymmetric	visual	 input	on	postural	control	 in	bel.	Those	 larvae	 in	
which	 more	 fibers	 projected	 to	 one	 brain	 hemisphere	 than	 to	 the	 other	 displayed	 visually‐driven	 postural	
instabilities	 along	 the	 longitudinal	 body	 axis.	 We	 proposed	 that	 asymmetric	 innervations	 might	 lead	 to	




The	 common	 feature	 in	 INS	 patients	 is	 the	 presence	 of	 spontaneous	 eye	 oscillations	 in	 the	 absence	 of	
movement	 in	 the	 surround.	 Those	 oscillations	 are	 frequently	 associated	 with	 additional	 congenital	 sensory	
disorders	affecting	the	cornea,	lens,	retina	or	the	optic	nerve,	but	can	also	occur	in	the	apparent	absence	of	any	
other	pathology	(reviewed	in	(Khanna	and	Dell'Osso,	2006)).	The	etiology	of	the	oscillations	has	been	a	matter	of	





during	 intrauterine	 and	 early	 postnatal	 development.	 Thus,	 the	 oscillations	 could	 be	 an	 adaptive	 response	 to	











2000;	 Huang	 et	 al.,	 2006;	 Traber	 et	 al.,	 2012).	 Here,	we	 demonstrated	 that	 indeed	misrouting	 of	 optic	 nerve	
fibers	 turns	 the	 normally	 negative	 feedback	 loop	 of	 the	 OKR	 into	 a	 positive	 one	 and	 leads	 to	 ocular	 motor	
instabilities	 in	 bel.	 In	 contrast,	 additional	 sensory	 defects	 present	 in	 bel	 were	 not	 related	 to	 ocular	 motor	
behavior	 (see	 Chapter	 4).	 Many	 INS	 patients	 suffer	 from	 albinism	 (Sarvananthan	 et	 al.,	 2009),	 a	 condition	
characterized	by	hypopigmentation,	 fovea	hypoplasia	and	misrouting	of	temporal	optic	nerve	fibers	(excessive	
crossing	 at	 the	 optic	 chiasm)	 (reviewed	 in	 (Summers,	 2009)).	Misrouting	 of	 optic	 nerve	 fibers	 has	 also	 been	
observed	 in	 other	 patients	 with	 INS‐like	 eye	 oscillations,	 such	 as	 in	 congenital	 stationary	 night	 blindness	





of	 the	 optic	 nerve	 is	 not	 routinely	 investigated	 during	 ophthalmic	 examination	 of	 INS	 patients.	 Second,	 the	
method	 of	 choice	 to	 diagnose	 a	misrouting	 phenotype	 is	 nowadays	 the	 Visual	 Evoked	Potential	 (VEP),	which	
measures	electrical	potentials	 in	 the	visual	cortex	 that	are	 triggered	by	short	visual	stimuli.	VEP	 is	an	 indirect	




with	a	 large	 fraction	of	misprojecting	 fibers	display	a	reversed	OKR	and	SOs.	Moreover,	a	reversed	OKR	is	not	
always	observed	 in	 human	patients	 (e.g.	 (Halmagyi	 et	 al.,	 1980;	 Yee	 et	 al.,	 1980;	 Collewijn	 et	 al.,	 1985)).	One	
possible	explanation	for	this	paradox	lays	in	the	full‐field	stimulation	commonly	used	in	the	clinics.	A	stronger	
phenotype,	 incl.	 a	 reversed	 OKR,	 could	 be	 expected	 if	 only	 the	 portion	 of	 the	 retina	 is	 stimulated,	 where	
misrouting	 fibers	 originate	 from	 (e.g.	 the	 temporal	 retina	 in	 albino	 patients).	 This	 principle	 has	 nicely	 been	
demonstrated	by	Traber	et	al.	 in	albino	mice:	During	full‐field	stimulation,	all	albino	strains	showed	a	reduced	
but	proper	directed	OKR,	whereas	during	stimulation	only	of	the	anterior	field	(i.e.	of	the	temporal	retina),	the	
OKR	 became	 reversed.	 Analogously,	 spontaneous	 eye	 oscillations	 in	 the	 presence	 of	 a	 stationary	 structured	
background	increased	in	albino	strains	if	the	visual	field	was	restricted	(Traber	et	al.,	2012).		
The	bel	mutant	 as	 an	 animal	model	 for	 INS	has	 four	main	drawbacks.	 First,	 the	 visual	 system	of	 zebrafish	








al.,	 2006),	 as	 expected	 from	 a	 visually‐driven	 behavior.	 This	 difference	 could	 be	 explained	 by	 adaptive	
mechanisms	 in	 humans	during	 development.	 Thus,	 the	 larval	 zebrafish	may	miss	 an	 important	 component	 of	
human	 INS	 in	 spite	 of	 being	 a	 good	 model	 to	 study	 the	 origin	 of	 SOs	 without	 the	 complication	 of	 adaptive	
mechanisms.	Adaptive	mechanisms	could	be	investigated	by	raising	the	larvae	to	adulthood	and	by	following	the	
disease	throughout	development.	Third,	see‐saw	nystagmus	has	been	described	in	addition	to	INS‐like	horizontal	
nystagmus	 with	 classical	 waveforms	 in	 both	 non‐decussating	 retinal‐fugal	 fiber	 syndrome	 and	 achiasmatic	
Belgian	 Sheepdog	 (Dell'Osso	 and	Daroff,	 1998;	Dell'Osso	 et	 al.,	 1998).	 See‐saw	nystagmus	 is	 characterized	by	
conjugate	torsional	as	well	as	disconjugate	vertical	eye	movements	that	mimic	the	motion	of	a	child’s	see‐saw	
(Dell'Osso	 et	 al.,	 1998).	 We	 did	 not	 observe	 see‐saw	 nystagmus	 in	 bel	 larvae	 but	 this	 may	 be	 due	 to	 the	
experimental	 conditions	 that	 make	 it	 difficult	 to	 detect	 torsional	 and	 vertical	 eye	 movements.	 Finally,	 the	
underlying	genetic	background	(a	mutation	in	the	transcription	factor	lhx2)	is	most	likely	not	informative	since	
the	phenotype	in	INS	patients	would	be	expected	to	be	much	more	severe	if	they	were	carrying	a	mutation	in	the	







genes	 have	 been	 related	 to	 INS,	 although	most	 of	 them	 are	 indirectly	 related	 to	 INS	 (Proudlock	 and	 Gottlob,	
2011).	 Few	 years	 ago,	 mutations	 in	 the	 FERM	 domain	 containing	 7	 (FRMD7)	 gene	 have	 been	 identified	 in	
idiopathic	forms	of	INS	(Tarpey	et	al.,	2006).	FRMD7	has	been	shown	to	be	expressed	in	developing	structures	of	
the	human	embryo	involved	in	the	vestibular	ocular	response	(VOR)	and	in	the	OKR	such	as	the	cerebellum,	the	
















to	 corkscrew‐like	 swimming	patterns	previously	 described	 in	mutants	with	 vestibular	 deficits	 (Granato	 et	 al.,	
1996;	Whitfield	et	al.,	1996).	Postural	instability	in	bel	mutants	are	visually	driven	(see	Chapter	6)	and	are,	to	our	
best	 knowledge,	 the	 first	 example	of	 loss	of	 balance	due	 to	 a	disrupted	visual	 input	 in	 zebrafish.	Huang	et	 al.	




Postural	 control	 is	 achieved	 by	 integration	 of	 inputs	 from	 different	 sensory	 systems	 that	 are	 partially	
redundant	(Straube	et	al.,	1990;	Massion,	1994;	Simoneau	et	al.,	1995;	Maurer	et	al.,	2000).	Thus,	a	blind	patient	
is	 able	 to	 maintain	 posture	 with	 the	 help	 of	 vision	 independent	 cues.	 Zebrafish	 larvae	 are	 able	 to	 maintain	








swimming	bursts	 to	 the	 left	and	 to	 the	 right	have	been	 imaged	 in	 the	hindbrain:	Ahrens	et	al.	 could	elegantly	
show	 a	 left‐right	 segregation	 of	 activity,	 depending	 on	 the	 swimming	 direction	 (Ahrens	 et	 al.,	 2013a).	
Asymmetric	 output	 to	 the	 motor	 centers	 in	 bel	 larvae	 may	 disrupt	 this	 segregation.	 The	 work	 presented	 in	









same	time,	 the	zebrafish	shares	neurochemistry	and	broad	brain	organization	with	higher	vertebrates	 so	 that	
insights	from	zebrafish	studies	can	be	related	to	mammals.	For	reviews	on	possible	advantages	of	zebrafish	in	
circuit	neuroscience	see	(Friedrich	et	al.,	2010)	and	(Leung	et	al.,	2013).		
Neural	 activity	 in	 broad	 brain	 areas	 can	 be	 measured	 by	 means	 of	 pan‐neuronally	 expressed	 genetically	






A	 challenging	 aspect	 of	 calcium	 imaging	 during	 behavior	 are	 the	 movement	 artifacts	 arising	 from	 the	
behaving	 larva.	 Successful	 imaging	 from	 freely	 swimming	 larvae	 has	 been	 reported	 recently	 by	 Muto	 and	
colleagues,	who	solved	the	problem	by	analyzing	neural	activity	only	when	the	larva	did	not	move	between	bouts	
of	 swimming	activity	 (Muto	et	al.,	2013).	An	alternative	approach	 to	 study	neural	 circuits	 involved	 in	visually	
induced	locomotion	is	to	work	with	partially	restrained	larvae	whereby	the	trunk	and	the	head	are	restrained	in	
agarose,	while	the	tail	is	free	to	move	(Sumbre	and	Poo,	2013).	However,	this	technique	has	a	main	drawback:	




Ideally,	 the	whole	brain	 is	 imaged	during	behavior	and	neural	activity	 is	 recorded	at	 single	cell	 resolution.	
Towards	 this	ambitious	goal,	 a	number	of	 technical	aspects	need	 to	be	 considered	 (see	 (Muto	and	Kawakami,	
2013)	 for	a	review	on	advantages	and	disadvantages	of	different	 imaging	techniques).	Although	broad	regions	
can	 be	 imaged	 with	 a	 fluorescence	 widefield	 microscope	 quite	 easily,	 resolution	 along	 the	 z‐axis	 is	 low.	 In	
contrast,	 a	 two‐photon	 microscope	 allows	 very	 good	 spatial	 resolution	 and	 deep	 penetration	 in	 a	 scattering	
tissue	thanks	to	the	excitation	laser	in	the	infra‐red	range,	but	has	a	low	temporal	resolution.	The	breakthrough	
towards	 the	 aim	of	whole	 brain	 imaging	 at	 single	 cell	 resolution	 came	 from	 further	development	 of	 the	 laser	
scanning	 light	 sheet	 microscopy	 technology	 to	 allow	 high‐speed	 three‐dimensional	 recording.	 In	 light	 sheet	
microscopy,	 the	 excitation	 light	 is	 originating	 from	a	 focused	 laser	beam	placed	orthogonally	 to	 the	detection	
system	(reviewed	 in	 (Huisken	and	Stainier,	2009).	Step‐wise	axial	movement	of	either	 the	detection	objective	
and	the	light	sheet	or	the	sample	allows	fast	scanning	through	the	volume	of	the	sample	(Ahrens	et	al.,	2013b;	
Panier	et	al.,	2013).	The	drawback	of	light	sheet	microscopy,	as	any	method	using	visible	excitation	light,	is	that	
the	 excitation	 light	 itself	 can	 activate	 the	 visual	 system	 leading	 to	 artifacts	 and	 therefore	may	 interfere	with	
visually	 driven	 behavior.	 A	 combination	of	 light	 sheet	microscopy	with	 excitation	 in	 the	 infrared	 range	 could	
alleviate	these	problems	(Truong	et	al.,	2011).		
To	identify	the	imaged	cells	an	anatomical	annotation	needs	to	be	available.	Although	some	databases	exist	
already,	 they	 are	 far	 from	 being	 as	 complete	 as	 their	 counterparts	 in	 other	 model	 organisms	 (reviewed	 in	
(Arrenberg	and	Driever,	2013)).	Therefore,	the	precise	annotation	of	the	identified	neural	circuits	is	still	one	of	
the	 biggest	 problems	 in	 zebrafish	 neuroscience.	 This	 may	 change	 in	 the	 near	 future	 due	 to	 much	 improved	
annotations,	e.g.	Virtual	Brain	Explorer	for	Zebrafish,	a	computational	framework	to	align	expression	patterns	to	
a	reference	brain	(Ronneberger	et	al.,	2012).	






In	 the	 present	 thesis,	 we	 studied	 wiring	 mechanisms	 in	 the	 retinotectal	 system	 that	 allow	 visual	 input	
processing	and	motor	behavior.	We	have	shown	the	effects	of	axonal	misrouting	at	the	optic	chiasm	on	ocular	
motor	and	postural	control	 in	the	zebrafish	 larva,	what	not	only	helps	to	understand	how	the	brain	 integrates	
sensory	stimuli,	but	also	gives	insights	on	how	the	brain	deals	with	contradictory	and	misleading	inputs	in	health	
and	 disease.	We	 now	 understand	more	 deeply	 how	miswiring	 to	 the	 wrong	 brain	 hemisphere	 affects	 ocular	
motor	behavior	and	triggers	INS	in	zebrafish.	Additionally,	the	observation	that	miswiring	can	lead	to	postural	
instability	 ‐	most	 likely	 because	 of	 an	 asymmetric	 distribution	of	motor	 commands	 ‐	may	be	 of	 relevance	 for	
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